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Abstract

Global plant sulphur (S) deficiency is increasing because of a reduction in sulphate-based fertiliser application combined with
continuous S withdrawal during harvest. Here, we applied '>C, "N, '*C, and *S quad labelling of the S-containing amino acids
cysteine (Cys) and methionine (Met) to understand S cycling and microbial S transformations in the soil. The soil
microorganisms absorbed the applied Cys and Met within minutes and released SO,*>~ within hours. The SO,>~ was reutilised
by the MB within days. The initial microbial utilisation and SO,>~ release were determined by amino acid structure. Met
released 2.5-fold less SO,>~ than Cys. The microbial biomass retained comparatively more C and S from Met than Cys. The
microorganisms decomposed Cys to pyruvate and H,S whereas they converted Met to a-ketobutyrate and S-CHj3. The microbial
stoichiometries of C, N, and S derived from Cys and Met were balanced after 4 d by Cys-derived SO~ uptake and Met-derived
CO; release. The microbial C:N:S ratio dynamics showed rapid C utilisation and loss, stable N levels, and S accumulation. Thus,
short-term organic S utilisation by soil microorganisms is determined by amino acid structure whilst long-term organic S

utilisation by soil microorganisms is determined by microbially controlled stoichiometry.

Introduction

Sulphur (S) is a vital plant macronutrient. It plays crucial roles
in coenzyme A, chlorophyll, biotin, thiamine and glutathione
(GSH) biosynthesis [1, 2]. Plant S deficiency has been
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reported worldwide and is attributed to reductions in atmo-
spheric sulphur dioxide emissions over the last 3040 years,
low-S/high-N/high-P fertiliser application, a decrease in soil S
return from manure or straw, and large soil S demand and
removal by high-yield crops [1, 3]. Organic S accounts for
>90% of the total soil S except in Gypsisols and other soils
with gypsic qualifiers. Organic S must first be converted to
inorganic SO4>~ before it can be absorbed by the roots [4].
Trace amounts of organic S mainly in the form of amino acids
are directly absorbed by the roots [5]. Despite increasing
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incidences of plant S deficiency, belowground biogeochem-
ical S cycling has not been fully elucidated. Hence, a strategy
for predicting and controlling soil organic S mineralisation
and recycling is urgently needed [6].

Cysteine (Cys) is the central metabolite coordinating S,
C, and N assimilation in all photoautotrophic and che-
moautotrophic organisms. It is the terminal metabolite in S
assimilation and the starting point for the biosynthesis of
methionine (Met), GSH, and other S metabolites [1]. Met is
the precursor of microbially generated volatile organic S
compounds such as methanethiol, dimethyl sulphide, and
dimethyl disulphide. SO,*>~ generation from Met is usually
negligible [7]. It is energetically more efficient for micro-
organisms to use Met rather than Cys to build proteins
because the former releases minimal SO42’ [8]. Never-
theless, the microbial taxa utilising S-containing amino
acids and their associated regulatory mechanisms have not
been identified.

Much of the S in soil organic matter (SOM) exists in the
form of the S-containing amino acids Cys and Met and ori-
ginates from manure, animal residues, dead plants and
microorganisms. Proteins are extracellularly decomposed by
proteases into short peptides and individual amino acids.
These substances are highly bioavailable N and S sources for
plant roots and microorganisms [9, 10]. Microorganisms
entirely remove Cys and Met from the soil solution and
mineralise them within minutes to hours [11, 12]. Portions of
the C, N, and S are immobilised as microbial biomass (MB)
[5]. However, little is known about short-term (minutes to
hours) C, N, and S cycling or the mechanisms by which
microorganisms decompose small organic molecules.

Microorganisms absorb elements from the ambient envir-
onment and maintain relatively stable concentrations in their
biomass. This phenomenon is known as stoichiometric
homeostasis [13, 14]. Organic matter decomposition and
nutrient cycling rates may be functions of stoichiometric
imbalances between the substrates and the MB [15-17].
Element cycling comprises the restoration of C:N:S home-
ostasis by soil microbes in response to stoichiometric imbal-
ances and the impact of stoichiometric homeostasis on
organic matter decomposition [18, 19]. The crop residue C:N:
S ratio is in the range of ~550:8-13:1-2. For bacteria and
fungi, the C:N:S ratios are 38:9.5:1 and 105:11:1, respectively
[20]. When the C:N or C:S ratios decline below certain
thresholds, net N and S mineralisation occurs and supple-
mentary N and S are released to maintain MB stoichiometry
[21, 22]. Stoichiometric imbalances between substrates and
decomposers strongly affect microbial physiology and
microbe-mediated biogeochemistry [23].

The C, N, and P cycling processes are decoupled in
response to N and P addition [24] and extreme temperatures
[25] at the scales of landscapes, plant-soil ecosystems, soil
profiles and microbial hotspots [26]. However, little is

known about micro-scale decoupling mechanisms based on
the presence of specific S-containing substrates such as
amino acids. Certain amounts of Met and Cys are necessary
for anabolic microbial biosynthesis. They are decomposed
by mineralisation to SO,*~. If Met and Cys are mainly
immobilised in MB protein, then C, N, and S will be cou-
pled. Otherwise, C-N-S decoupling occurs as there is an
imbalance in microbial nutrient demand. Cys and Met
constitute the bulk of low-molecular-weight organic S.
Their C:N:S mass ratios are 38:9.5:1 and 105:11:1,
respectively. Their large N and S proportions make them
useful for investigations into C, N, and S utilisation during
microbial mineralisation. They are also suitable for the
examination of the regulatory mechanisms maintaining
microbial C:N:S stoichiometry. It is necessary to clarify the
nexus between organic S decomposition and soil element
cycling because it will help explain the biochemistry,
biology, and evolution of soil S cycling.

Farmyard manure (FYM) increases organic C content in
soil and biological activity. In contrast, mineral fertiliser
provides sufficient N, P, and S but no C [27, 28]. Manure
input directly affects belowground biogeochemical processes
by modifying organic C and adding nutrients. It also indir-
ectly affects belowground biogeochemical processes by
adjusting biotic activity [27, 29]. Topsoil and subsoil differ in
terms of nutrient and element content, MB and community
structure, soil C age, bioavailability, accessibility, and SOM
decomposition rates [30]. Soils receiving long-term FYM or
mineral fertiliser treatment were selected to elucidate the
mechanisms of organic S decomposition. All soils were the
same type and were exposed to the same climate conditions.
However, they substantially differed in terms of organic
matter content and MB. Our objectives were to (1) identify
the key processes involved in soil Cys and Met decomposi-
tion, (2) determine whether Cys and Met decomposition
couples or decouples C, N, and S utilisation and induces
stoichiometrically regulated decomposition, (3) establish
whether Cys and Met are rapidly decomposed in the soil
solution in the presence of few microorganisms, and (4) verify
whether long-term manure application affects this process.
We hypothesised that microorganisms balance their C:N:S
ratios by releasing NH," and SO,*~ after Cys and Met
uptake. In this manner, the external C and S content in the soil
could affect this release. To test this hypothesis, we subjected
Cys and Met to quad labelling (13C, BN, ¥, and 35S).

Materials and methods
Experimental site and treatments

Soil classified as udipsamment (US Soil Taxonomy) or brown
sand with a sandy-loam texture was collected from selected
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treatments in a long-term organic manuring experiment at
Woburn Experimental Farm, Bedfordshire, UK, on 1 June
2018. The experiment was initiated in 1964 to evaluate the
influences of mineral fertilisers and organic manures on crop
production and soil fertility. Soils were collected from the
following treatments: (1) mineral fertilisers only (N, P, and K)
equivalent to FYM at 25-50tha~'y~! (NM, 28 y), (2) FYM
applied at 10tha™!' y~! for 16 y (MM), and (3) FYM applied
at 25-50tha~' y~! for 28 y (HM). All treatments were per-
formed in quadruplicate. All plots were under a five-course
rotation of winter rye, spring barley, winter bean, winter
wheat, and forage maize since 2003. NM and MM received
mineral P, K, and S fertilisers at 20, 83, and 36 kg hafl,
respectively. For NM, the total N, P, and S (organic and
inorganic) inputs during 1964-2018 were 2.46, 1.77, and
0.96tha’1, respectively. For HM, the total C, N, P, and S
inputs were 112.5, 5.80, 1.26, and 1.22tha™’, respectively.
For MM, the total C, N, P, and S inputs were 14.1, 2.63, 1.69,
and 1.00 tha™', respectively. Detailed information about the
treatments was previously reported [31, 32]. Topsoil (0-23
cm plough layer) and subsoil (23-38 cm depth) samples were
collected in quadruplicate, passed through a 5 mm mesh sieve
to remove stones, roots, and other organic matter, and stored
at 4 °C until the subsequent analyses. Soil physicochemical
properties are listed in Table S1.

Plant-derived protein decomposition

To obtain *°S-labelled protein, maize plants were hydro-
ponically cultivated with Na,* SO, and their roots and
shoots were harvested after 30 d. Tissues were cut into
small pieces, frozen at —80 °C, and pulverised at a 1:2
tissue:water ratio. To avoid interference from protein
decomposition, no extraction solution (such as Tris-HCl)
was used. Tissue suspensions were centrifuged at 4000 x
g and 20 °C for 15 min. The supernatants were recovered
and precooled (—20 °C) acetone was added to form a final
1:0.5 supernatant:acetone ratio. The mixtures were incu-
bated at 4 °C for 12 h and centrifuged at 10,000 x g and 4 °
C for 15 min. The sediments were washed several times
with acetone and the residual acetone was removed by
vacuuming for 15min. The sediments comprised the
extracted plant protein. The S content was determined by
inductively coupled plasma-optical emission spectrometry
(ICP-OES; Varian 710 ES, Agilent Technologies, Santa
Clara, CA, USA).

To measure 35S—protein mineralisation at 20 °C, 0.5 mL of
50 uM S-protein (6 kBq mL ™) was dropped onto the surfaces
of each 5 g field-moist soil sample collected from each NM,
MM, and HM plot at 0-23 and 23-38 cm depth. Each treat-
ment was prepared in quadruplicate. Each sample consisted of
six analytical units so that measurements could be made at
0.25, 1, 2, 4, 6, and 12 d after protein addition. At each time
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point, the *>S in one analytical unit per replicate was extracted
with 25 mL of 0.01 M CaCl,. The difference between the
amount of *S in the total protein and the CaCl,-extracted *>S
from the soil samples at each time point was taken as the
quantity of 3°S immobilised in the MB (**Syp = *>Sio —
338 c4cn) because sandy soil has a relatively lower absorption
rate. For the CaCl, extractions, 0.5 mL of purified water or
1M BaCl, was added to every millilitre of extract to pre-
cipitate the *>SO,>~. The suspensions were then centrifuged at
18,000 x g and 20 °C for 5 min. Differences in g activity
between the water and BaCl, treatments corresponded to
the quantities of *SO,’~ derived from labelled protein
(**Ssoa2- = Scacn+H20 — > ScacizBaci)- Total S in the soil
extract less the 3SS-SO42* was assumed to be the amount of
35 S-protein remaining in the soil solution 3Siet = Scac —
PSso42) [5].
S042

S-containing amino acid decomposition

To trace temporal C, N, and S transformation in the various
soil treatments, intact Cys or Met remaining in the soil
solution, CO, release, C, N, and S assimilated into the MB,
and NH,", NO;~, and SO42* generated were detected with
HC-, ¥s-, or N-labelled Cys or Met. A "C-PLFA
(phospholipid-derived fatty acid) analysis was conducted
to identify the microbial community assimilating Cys
and Met.

To trace C and S transformation, 0.5 mL of 50 uM H4C-or
35S-labelled Cys (**C: 20.6 kBqmL™; 33S: 50.4 kBqmL ™) or
Met (**C: 21.8 kBqmL % 33S: 51.8 kBqmL ') was added to
each 5 g field-moist soil sample from each NM, MM, and HM
plot at 0-23 cm and 23-38 cm depth. Forty parallel 5 g soil
samples were prepared for NM, MM, and HM. There were
four replicates and ten time points. The '“CO, released from
the soil was captured in a trap containing 1 mL of 1 M NaOH
set above the soil [5, 12]. The '*C or S remaining in the soil
was extracted with 25 mL of 0.5 M K,SO, or 0.01 M CaCl, at
2 min, 5 min, 15min, 0.5h, 1 h, 3h, 9h, 24 h, 48 h, and 96 h
after labelled Cys or Met was added to the soil samples [33].
Incubation times <3 h were considered short-term (h) whereas
incubation times in the range of 24-96h were regarded as
medium-term (d). The 3SS-SO42* was extracted with 0.01 M
CaCl, and detected as previously described. The difference
in S activity corresponded to the quantity of SO,*~ gener-
ated from labelled Cys and Met (*Ssom. = SSSCaC12+H20 —
355CaC]2+BaC]2)- The difference between the total S added
and the *S-SO,>~ in the soil solution extracted with 0.01 M
CaCl, was taken as the residual soil **S-Cys or ¥3S-Met
Sier = PScucn — >°Ssoun.). The difference between the total
335 and the *°S extracted from the soil solution was taken as
the amount of *>S immobilised in the MB (¥Syp = **Siotal -
35S(;acn) [5]. Total ¢ activity minus the residual soil e
plus the quantity of '“CO, released was taken as the amount
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of "*C immobilised in the MB (**Cyg = "“Croa — “*Ciasos —
YCco2) [34]. Each sample was mixed with 4 mL Scintisafe
3 scintillation cocktail (Fisher Scientific, Loughborough, UK)
[34] and 4C or S activity was determined with a Wallac
1404 liquid scintillation counter fitted with automated quench
correction (Wallac EG&G, Milton Keynes, UK).

N transport from Cys and Met was detected by '°N
labelling. In brief, 2mL of 50 uM 99.8% atom '*C,">N
dual-labelled Cys and Met was added to each 20 g field-
moist sample collected from NM, MM, and HM at 0-23
and 23-38 cm depth. Each soil sample was extracted with
80 mL of K,SO, after 0.25, 1, 9, 24, and 96h and cen-
trifuged at 18,000 x g and 20 °C for 5 min. NO;~ and NH, "
were evaluated by microdetection [35]. The NH," and NO;
~ 15N isotopic ratios in the soil extracts were detected by the
diffusion method [36]. The soil solutions were freeze-dried
(Labconco, Kansas City, MO, USA) and their BN abun-
dances were detected with an elemental analysis-isotope
ratio mass spectrometer (IsoPrimel00; Isoprime Ltd.,
Cheadle Hulme, UK). The differences between the total °N
and the >N extracted from the soil solutions were taken as
the amounts of >N immobilised in the MB ("’Nyg =
PNt — *Niasos)-

Three hours after °C,'>N dual-labelled Cys or Met was
added to the soil samples and the PLFAs were extracted,
fractionated, and purified as previously described [27].
After 3 h, the C from Cys and Met was partly immobilised
into PLFA. The 8'°C of each PLFA was determined by gas
chromatography combustion isotope ratio mass spectro-
metry (GC-C-IRMS; Thermo Fisher Scientific, Waltham,
MA, USA). Cyclopropyl and monounsaturated fatty acids
were indicators of Gram-negative (G ) bacteria. The 16:1
w7c, 17:1 w8c, 17:0 cyclo w7c, 18:2 wéc, 18:1 w9c, 18:1
w7c, 18:1 w5c, and 19:0 cyclo w7c show the 13C-labelled
indicators. Iso- and anteiso-branched chain fatty acids
(14:0 iso, 15:0 iso, 15:0 anteiso, 16:0 iso, 17:0 iso, and
17:0 anteiso) were indicators of Gram-positive (G™) bac-
teria. The 10Me-branched PLFAs (16:0 10-methyl, 17:0
10-methyl, 18:1 w7c 10-methyl, and 18:0 10-methyl) were
used as actinobacterial biomarkers. The saturated straight-
chain fatty acids (15:0, 16:0, and 18:0) occurring in a
wide variety of microorganisms were used as universal
PLFAs. The 15:0 DMA was an anaerobe indicator. The
18:1 w9c was an indicator of G~ bacteria in agricultural
soils and fungi in forest soils [27] and served here as a G—
indicator.

Organic S decomposition in the soil solution

To assess organic S decomposition in the soil solution, 5 g
fresh soil sample collected from NM, MM, and HM at 0-23
cm and 23-38 cm depth was extracted with 20 mL purified
sterile water, oscillated at 180 x g for 5 min, and centrifuged

at 18,000 x g and 20 °C for 5 min. The supernatants were
removed and the soil samples were extracted twice with
10 mL purified sterile water each time. The supernatants
were combined and centrifuged at 18,000 x g and 20 °C for
5min. Then 0.5 mL of 50 uM C- or **S-labelled Cys or
Met was added to each supernatant and 0.5 mL aliquots
were collected at 0.25, 0.5, 1, 3, 9, 24, 48, and 96 h. The '*C
or S remaining in the solution and the ¥SO4>~ generated
(PSso42- = S0 — *Sw20+Baci) Were measured as pre-
viously described. After centrifugation at 18,000 x g,
0.1-0.2% microbial DNA remained in the soil solution. The
MB was indicated by the DNA content in the soil samples
and solutions and extracted with a FastDNA SPIN kit (MP
Biomedicals, Irvine, CA, USA) according to the manu-
facturer’s instructions. DNA concentrations were deter-
mined in a NanoDrop ND-1000 UV-Vis spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

Determination of microbial C or S requirement from
Cys and Met decomposition

To estimate S-containing amino acid mineralisation after the
C, N, and S amendments, 5 g field-moist soil was placed in
a 50 mL centrifuge tube and 0.5 mL of 50 uM C- or ¥s-
labelled Cys or Met was added along with supplementary C,
N, or S. Only the HM topsoil was used because the Cys and
Met decomposition rates were similar for all treatments and
independent of soil depth or manure application rate.
The soil samples were treated with 2mg g~' C as glucose,
0.1 mg g*1 N as NH4NO;, and 0.1 mg g*1 S as Na,SOy,
dissolved in 50 uM #C- or 3°S-labelled Cys or Met [37].
The controls were 50 uM '#C- or 33S-labelled Cys or
Met alone. The initial soil C:N:S ratio was 13.1:2.2:1.0.
After C, N, and S addition, the ratios were 57.2:2.2:1.0,
13.1:4.4:1.0, and 4.1:0.7:1.0, respectively. The amounts of
1Co,, *C-MB, **S-MB, *S-S0,*~, '*C- and ¥S-Cys, and
4C. and »S-Met in the solutions were measured at 0.5 h,
1h,3h, 6h,9h, 24 h, 48 h, and 96 h as previously descri-
bed. After amendment, MB carbon (MB-C) was detected by
the fumigation method [38].

Statistical and data analysis

Substrate mineralisation was generally biphasic and

described by a two-process, double first-order kinetic decay

model [39]:

f= (a1 xexp ™) + (@ x exp™™') (1)
where f is the '*C-Cys or Met remaining in the soil (% of

total addition); a; and a, are the quantities of '*C partitioned

into primary (pool 1; catabolic process; microbial release as
14C02) and slower secondary (pool 2; biomass production)

SPRINGER NATURE
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mineralisation, respectively (%); k; and k, are the expo-
nential coefficients of pools 1 and 2, respectively; and t is
the time (h).

The half-life (t'2, h) of pool 1 or pool 2 was calculated as:

11/2 = In(2) /ky 2)

One-way ANOVA followed by Tukey’s post-hoc test at
P <0.05 were performed in SAS v. 8.2 (SAS Institute Inc.,
Cary, NC, USA) after testing the ANOVA residuals for
normality and homogeneity. Exponential decay equations
were calculated with SigmaPlot v. 10.0 (SPSS Inc., Chi-
cago, IL, USA). The '3C-labelled PLFA indicator data were
evaluated by principal component analysis with CANOCO
v. 5.0 (Microcomputer Power, Ithaca, NY, USA) to deter-
mine the influences of manure application and the soil
active microbial communities. Images were plotted with
Origin v. 8.1 (OriginLab, Northampton, MA, USA).

Results

Decomposition of S-containing amino acids and
protein

Cys and Met decomposed rapidly in the soil (t/2 < 1 min;
Figs. 1 and 2) and were quickly immobilised into the MB
(*>S-MB: 31% for Cys and 67% for Met at 2min). 3 h
after microbial uptake, 37% of the Cys and 15% of
the Met were released as SO4> . The released SO,>~
was reincorporated into the MB. The 3°S-MB activity
levels from Cys and Met were 61% and 70%, respectively.
Within 15 min, Cys and Met released 28% and 34%
NH, ™, respectively. NH, " production decreased over time
and some of the NH, " was oxidised to NO3 . The protein
rapidly decomposed (t%2<8 min) at low concentrations
whereas nearly half the S-protein was transformed to
SO,*~ within 48 h (Fig. 2).

After immobilisation in the MB, microbial C, N, and S
stoichiometry differed between Cys and Met for <9 h after
addition (P < 0.05). In contrast, they were similar after 96 h.
In the short term, CO, was released more rapidly from Cys
than Met. As incubation progressed, however, the total
amount of C released from Met in the form of CO, was
similar to that released from Cys. In the short term, more
S0,>~-S was released from Cys than Met. Hence, relatively
little S was retained in the MB. Nevertheless, the SO42_
released was reutilised and the >S-MB content was similar
for both Cys and Met at 96 h (Fig. 3). Microbial commu-
nities utilising Cys and Met were indistinguishable
according to the 'C-PLFA analysis (Figs. SI and S2).
However, there was threefold more 13C.labelled PLFA
derived from Met than Cys (Fig. S1).
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Fig. 1 Transformation of C, N, and S from cysteine and methionine
in soil. CO, release, C and S assimilation into microbial biomass (MB),
and NH, ", NO5~, and SO42’ production were detected with MC—, s,
or ’N-labelled cysteine (A) and methionine (B) at the indicated times
after amino acid addition. There were three treatments and two soil
depths (n=06). Means = SE for four replicates per treatment per soil
depth are shown.

Organic S decomposition in the soil solution

Cys and Met were rapidly mineralised in the soil solutions.
There were lower microbial densities in the extracted soil
solutions than the soil itself. Thus, 17.3% of the 14C-Cys
and 43.3% of the '“C-Met decomposed after 15 min
(Fig. 4). For *°S, 5.5% of the Cys and 16.0% of the Met
were transformed into SO,>~. These rates were substantially
lower than those for 14C-Cys, 4C_Met, 35S-Cys, and >°S-
Met decomposition in the soil (Fig. S3). The Cys and Met
decomposition rates in the soil solution were high at <15
min but markedly lower between 15min and 24h after
substrate addition. The Cys and Met decomposition rates
were comparatively faster in the topsoil and at high manure
application rates (Fig. S3).
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Fig. 2 Simplified cycling mechanisms of sulphur in proteins (Prot),
cysteine (Cys), and methionine (Met) in soil. Intact Cys and Met are
almost entirely assimilated within minutes by microorganisms (MO)
that can also utilise protein-S. Some of the S immobilised in MO is
released as SO,>~, which is then reutilised by MO for growth. Proteins
were decomposed to Cys and Met by arylsulfatase, and then
utilized by MO.

Requirement of microbial C or S derived from Cys
and Met decomposition

The addition of C and S dramatically influenced organic S
decomposition but had a limited effect on C and S uptake in
the MB (Fig. 5). C addition increased 14CO, release from
Cys and Met (Cys: from 52% to 67%; Met: from 59% to
69%; 48 h after addition) but simultaneously decreased the
C content in the MB. N and S addition had minimal
impact on C metabolism or *>S uptake in the MB. S addi-
tion increased SO,> release from Cys and Met by 193%
and 363%, respectively.

Discussion

S-containing protein and amino acid decomposition

The half-lives of plant-derived *>S-protein and amino acid
decomposition in the soil

were <8min and <1 min,

0 25 50
C (% of total '*C addition)

E 96h

D 24h

C (% of total '*C addition)

— B NM
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Wehionine]| 3
e

— 4 HM

C (% of total '“C addition)

Fig. 3 Response of soil microbial C, N, and S stoichiometry to
cysteine (Cys) and methionine (Met) addition. The microbial C, N,
and S stoichiometry (% of total addition to microbial biomass)
after Cys and Met addition for 0.25h (A), 1 h (B), 9h (C), 24h (D),
and 96h (E). NM, MM, and HM are zero, medium, and high

50

C (% of total "“C addition)

application rates of farmyard manure (FYM), respectively. Data are
normalised for C +N + S = 100%. Blue and pink arrows show con-
vergence of the Cys and Met microbial transformation pathways in the
soil. Despite their initial differences, the C:N:S stoichiometries of Cys
and Met converged after 96 h.
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respectively. Therefore, rapid decomposition and high bioa-
vailability of proteins and amino acids are vital to organic S
mineralisation [40, 41].

Protein and amino acid mineralisation and SO,>~ release
and reutilisation occur in three steps (Fig. 2). (1) Proteins
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Fig. 4 Transformation of cysteine (Cys) and methionine (Met) ¢
and S in the soil solution. '*C or S remaining in the soil solution
and $S0,>~ produced from Cys and Met are shown. There were three
treatments and two soil depths (n = 6). Means + SE for four replicates
per treatment per soil depth are shown.
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Fig. 5 Effects of C, N, and S addition on “C- or **S-labelled
cysteine (Cys) and methionine (Met) decomposition as functions of
incubation time. Soil samples were treated with 2mgg~' C as glu-
cose, 0.1 mg g~! N as NH,NO;, and 0.1 mg g™ S as Na,S0,. “CO,
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and amino acids are rapidly absorbed by the MB. Proteins
are hydrolysed and assimilated into the MB in the form of
amino acids and peptides. Here, 34.8% of the *>S-Cys and
68.8% of the 33S-Met were retained in the MB whereas 20%
of the S-protein was retained in the MB after 15 min
(Fig. 2). (2) S in the MB is released in the form of SO,*.
The highest S release rates were observed 2 d after protein
addition (50%), 3 h after Cys addition (37%), and 24 h after
Met addition (15%). Soil N cycling is regulated by C:N
imbalances between the substrates and the MB [22]. The
results of the present study suggest that microbial SO4>~
release after the uptake of substrates with high S content
and disequilibrium between substrates and microorganisms
play critical roles in soil S cycling. The intensity of SO,>~
release might depend on substrate properties because a
relatively small amount of S was released from Met. (3) The
released SO,>~ is resorbed and reutilised by microorgan-
isms. S-MB reached its highest concentration 4 d after
protein addition. The *>S-MB content derived from Cys and
Met was highest at the end of incubation (Figs. 1 and 2).
Thus, SO,>~ is highly bioavailable to microorganisms.
When C demand drives microbial Cys and Met decom-
position, readily accessible C sources such as glucose
decrease '“C uptake and '“CO, release from these amino
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acids. Reduced '*C uptake has been demonstrated by
applying organic N (L-trialanine) and P (glucose-6-phos-
phate) after glucose addition. Therefore, C demand drives
organic N and P decomposition [37, 42]. However, high C
or S addition levels had negligible effects on the uptake of
14C derived from Cys or Met (Fig. 5). Hence, microorgan-
isms may rapidly acquire these amino acids regardless of
soil element status. In addition, S addition did not markedly
alter Cys or Met C mineralisation. Therefore, the soil S
supply met microbial demand [43]. At 0.5h, S addition
increased SO,>~ release from Cys and Met by 6- and 12-
fold, respectively, compared with no S addition. High S
addition reduced microbial S demand and most of the S was
released in the form of SO,. C addition enhanced SO42*
reutilisation possibly by increasing microbial growth and
S demand (Fig. S4) [44]. Relatively large quantities of
33550,2~ were released from Cys and Met in response to
S addition because high amounts of unlabelled Na,SO,
diminished microbial S demand. N supply had no apparent
effect on any of the foregoing processes possibly because
the existing soil N stocks were adequate. The microbial Cys
and Met uptake rates were not influenced by C or S status
but were substantially affected by C and S metabolism and
SO42’ reutilisation. Therefore, S-containing amino acids are
rapidly decomposed in the soil and SO, release is affected
by inorganic S bioavailability.

Mechanisms of C, N, and S decoupling from Cys and
Met via decomposition and stoichiometric balance

Decoupling of decomposition was assessed for C, N, and S
derived from Cys and Met (Fig. 3). Stoichiometric theory
dictates that Met should release more CO, and less SO42*
than Cys because Met has a relatively higher C:S ratio [45].
Soil microorganisms efficiently utilised the C and S origi-
nating from Met. We observed that 46% and 52% of the *C
and 35% and 69% of the *°S were retained in the MB whilst
Cys and Met released 21% and 10% of their SO,
respectively, after 15 min. Thus, Met slowly released SO,>~
rather than rapidly releasing CO,. Moreover, Cys and Met
were comparable as N sources because 38% and 40% of the
inorganic N (NH,* and NO;~) were produced by Cys and
Met, respectively. In contrast, 40% of the N derived from
alanine was utilised by soil microorganisms and converted
to NH, " within 5 min [12]. Similar values were obtained for
Cys and Met.

According to C, N, and S stoichiometry, microorganisms
should have higher N than S demand and release a higher
proportion of SO,>~ than NH," after Cys and Met uptake
(Fig. S5). However, our results did not corroborate these
expectations. Organic S decomposition partially upheld the
stoichiometric theory based on the SO,*~ and NH," pro-
duction levels. At <9 h after Cys and Met addition, however,

the relative N and S quantities actually released did not match
the expected stoichiometry. Therefore, this model is not per-
fectly suited for the short-term decomposition of certain
substrates. SOM quality is more influential to microbial ele-
ment utilisation efficiency than stoichiometry [45].

Soil microorganisms use specific mechanisms to maintain
stoichiometric balance after the uptake of various substrates.
Following immobilisation in the MB, the C, N, and S from
Cys and Met differed in terms of microbial stoichiometry at
<9 h after addition because of variations in microbial C and S
use efficiency (P <0.05). At 0.25h, the C:N:S ratio derived
from Cys was 52:63:35 whereas that derived from Met was
47:59:69. At 9h, the C:N:S ratio derived from Cys was
15:77:32 whereas that derived from Met was 15:73:62. These
discrepancies resulted in short-term differences in CO, and
SO, production. Nevertheless, there were no stoichiometric
differences at 96 h. By that time, the C:N:S ratio derived from
Cys was 13:82:61 whereas that derived from Met was
9:82:70. Cys initially released CO, more rapidly than Met but
as the incubation progressed, the cumulative CO,-C release
rates were similar for both Met and Cys. In the short term,
more SO,>"-S was released from Cys than Met. Conse-
quently, the S retention ratio in the MB was very low. The
released SO42’ was reutilised and the *S-MB content was
similar for both Cys and Met at 96 h. Microorganisms balance
stoichiometry via their elemental demands [46]. This
mechanism explains substrate-level elemental imbalances in
soils and the MB. The relative elemental content of the MB
follows a homeostatic regulatory curve with C, N, and S
substrate content. Thus, microorganisms have a unifying
element assimilation mechanism [13, 14, 47].

Amino acid decomposition mechanisms in soil and
soil solution

The microbial communities and metabolic pathways involved
might explain the relative differences in the Cys and Met
decomposition rates. Shifts in microbial element stoichio-
metry are associated with changes in the soil microbial
community. Modifications to agricultural management prac-
tices are responsible for the latter [23, 48, 49]. Microbial
community dynamics can alleviate stoichiometric constraints
and cause the system to behave in a manner that cannot be
predicted by stoichiometric theory alone [50]. However, our
3C-PLFA analysis disclosed no such differences between the
microbial communities utilising Cys and those assimilating
Met (Fig. S1). Nevertheless, about threefold more Met-C than
Cys-C was immobilised in the PLFA. The '*C-PLFA content
was consistent with the '*C-MB and indicated that much of
the Met-C was integrated into the MB. Therefore, Cys and
Met metabolism rather than Cys and Met assimilation by
various microbial communities influences microbial utilisa-
tion of the elements derived from them.
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Fig. 6 Mechanism of cysteine (Cys) and methionine (Met)
decomposition in soil and soil solution. Cys and Met are rapidly
decomposed in the soil and soil solution but the underlying metabolic
processes differ between them. In the soil, Cys and Met were quickly
immobilised into microbial biomass (MB). More C was released as
CO, and more S was released as SO42’ from Cys than Met. At 3h
after microbial uptake, 37% of the Cys but only 15% of the Met was
decomposed to SO42’, which was then absorbed into the MB. »S-MB
derived from Cys and Met were 61% and 70%, respectively. Within

When a substrate is assimilated into microbial cells, its
original molecular structure determines the biomolecules
that will be derived from it [51, 52]. Substrate quality is the
main factor controlling C mineralisation and assimilation
into the MB [51, 53]. The glucose C use efficiency is nearly
80% whereas that for oxalic acid is only 20%. An earlier
continuous sampling study showed that mineralisation
is key for Cys but not Met [54]. Only a small quantity of
SO,>~ was released even at relatively high Met uptake rates.
The mechanisms of Cys and Met biosynthesis from 3-
phosphoglycerate or pyruvate/Cys/oxaloacetate in E. coli
consume 24.7 and 34.3 high-energy phosphate bonds,
respectively [55]. Met decomposition releases more energy
than Cys decomposition. The former induces microbial C
and S assimilation. The reduced sulphur moiety (thiol, —-SH)
in Cys is strongly nucleophilic. Therefore, Cys is readily
transformed to SO,*~ [56]. Our data suggest that L-Cys
desulphydrase decomposed Cys to pyruvate, NH,", and
H,S, the pyruvate was decomposed to CO,, and the H,S
was oxidised to SO42_ [57]. The Met was decomposed to o-
ketobutyrate, methanethiol (HS-CHj3), and NH, ™ [57] and
might have been metabolised to p-thiomethylpropylamine,
S-adenosylmethionine, or  o-keto-y-thiomethylbutyrate
[56, 58]. However, the activity levels of the latter pro-
cesses must have been low as Met released high NH4"
levels. Nevertheless, this conclusion was based solely on
our current analyses. Therefore, position-specific isotopic
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15min, Cys and Met released 28% and 34% NH,", respectively.
NH," production decreased with time and some of it was oxidised to
NOj;™. The reduced sulphur moiety (thiol, -SH) in Cys was strongly
nucleophilic. Hence, Cys was easily transformed to SO,2~. L-Cysteine
desulphydrase decomposed Cys to pyruvate, NH,", and H,S, pyruvate
was decomposed to CO,, and H,S was oxidised to SO42’. Met was
decomposed to a-ketobutyrate, methanethiol (HS-CHs), and NH,".
Met decomposition released relatively more CO,-C and, by extension,
more SO,>” in the soil solution than Cys.

labelling combined with specific metabolite detection is
required [52]. This analysis would furnish validation data
for Cys and Met transformation during microbial metabo-
lism and substrate-controlled morphological changes in soil
element cycling.

There was relatively greater SO,>~ release from Cys than
Met in the soil (Fig. 6). Hence, microorganisms trapped
within aggregates and attached to mineral surfaces prevail
during decomposition. In the soil solution, Cys decomposi-
tion released SO4>~ more slowly than Met decomposition.
The higher C content in Met might promote relatively
greater enzyme activity, C cycling, and microbial growth in
the soil solution. Thus, Met decomposition releases com-
paratively larger amounts of CO,-C and is, by extension,
associated with higher SO4>~ release rates (Fig. 6). Rapid
decomposition in response to high manure application rates
may have been stimulated by increases in MB and enzyme
activity and a decrease in S content [59]. Therefore, S-
containing amino acids may be rapidly decomposed both in
the soil and in the soil solution. In general, microorganisms
are highly effective at Met uptake and metabolism.

Conclusions

Sulphur (S) cycling involves Cys and Met uptake by
microorganisms from the soil solution within minutes,
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intracellular mineralisation of these amino acids, SO42_
release within hours, and SO42_ reuptake and reutilisation
within days. Cys releases more CO, and S0O,>~ than Met
because of the differences in the metabolic pathways
between these amino acids rather than the compositions of
the microbial communities utilising them. The molecular
structures of Cys and Met determine their short-term uti-
lisation. Cys initially decomposes to pyruvate whereas
Met is initially converted to a-ketobutyrate and -S-CHj.
These differences account for the divergence in microbial
stoichiometry between Cys and Met utilisation. As C is
continuously lost by respiration, the microbial C:N:S
ratios derived from Cys and Met based on *C/*C, N,
and S were 52:63:35 and 47:59:69, respectively, after
0.25h, but had changed to 13:82:61 and 9:82:70,
respectively, after 4 d. Hence, short-term organic S utili-
sation by soil microorganisms is determined by amino
acid structure whilst medium-term organic S utilisation by
soil microorganisms is determined by microbially con-
trolled stoichiometry.
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