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Abstract 

The differential soil microbial assimilation of common nitrogen (N) fertilizer compounds into the soil organic N pool is r ev ealed using 
novel compound-specific amino acid (AA) 15 N-stable isotope probing. The incorporation of fertilizer 15 N into individual AAs reflected 

the known biochemistry of N assimilation—e.g. 15 N-labelled ammonium ( 15 NH 4 
+ ) was assimilated most quickly and to the greatest 

extent into glutamate. A maximum of 12.9% of applied 

15 NH 4 
+ , or 11.7% of ‘r etained’ 15 NH 4 

+ (r emaining in the soil) was assimilated 

into the total hydr ol ysa b le AA pool in the Rowden Moor soil. Incorporation was lowest in the Rowden Moor 15 N-labelled nitrate ( 15 NO 3 
−) 

treatment, at 1.7% of applied 

15 N or 1.6% of retained 

15 N. Incorporation in the 15 NH 4 
+ and 

15 NO 3 
− treatments in the Winterbourne 

Abbas soil, and the 15 N-urea treatment in both soils was between 4.4% and 6.5% of applied 

15 N or 5.2% and 6.4% of retained 

15 N. 
This r e pr esents a key ste p in gr eater compr ehension of the micr obiall y mediated transformations of fertilizer N to organic N and 

contributes to a more complete picture of soil N-cycling. The approach also mechanistically links theoretical/pure culture derived 

biochemical expectations and bulk level fertilizer immobilization studies, bridging these different scales of understanding. 

Ke yw ords: 15 N sta b le isotope tr acing (SIP); amino acids; nitr ate; ammonium; urea; immobilization 
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Introduction 

Nitrogen (N) fertilizers are essential to modern food production 

and 105 Tg N fertilizers were used in 2016 (FAO 2019 ). It is esti- 
mated, ho w e v er, onl y 17% of N applied to crops ultimately sup- 
ports human nutrition, with the remainder being lost to the envi- 
ronment during food production and processing (Leach et al. 2012 ,
Fowler et al. 2013 ). This brings the low nutrient use efficiency of 
the human food-chain into critical focus . T he interaction of ap- 
plied fertilizer N with the soil N-cycle, and influence on soil or- 
ganic N, r epr esents an important determinant of the fate of fertil- 
izer N, the N balance of soil and e v entual efficiency of production 

systems. Major gaps exist regarding the biological processing of N 

fertilizers in soils, particularly the routes and proportions of con- 
version into soil organic N. 

Processing of N fertilizers has traditionally been quantified us- 
ing isotope pool dilution to determine rates of N mineralization,
immobilization, and nitrification in soils. Ho w e v er, e v en in agri- 
cultur al soils, N stor ed in or ganic forms dominates inor ganic N 

(Dungait et al. 2012 ). This large and heterogeneous soil N pool still 
underpins soil N dynamics and the supply of N to micr oor gan- 
isms , plants , and loss pathways (in some cases providing 30%–
50% of the inorganic N for crop uptake; Macdonald et al. 1997 ,
Murphy et al. 2000 , Dungait et al. 2012 ). In order to provide a new 

perspective on the biomolecular fate and partitioning of different 
common N fertilizer compounds into soil organic N, we herein 

describe the application of compound-specific amino acid (AA) 
Recei v ed 30 Mar c h 2023; revised 14 Mar c h 2024; accepted 6 June 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
5 N-stable isotope probing (SIP) to investigate N-cycling into the 
oil protein pool (Charteris et al. 2016 ). The a ppr oac h combines
ompound-specific gas c hr omatogr a phy–combustion-isotope r a- 
io mass spectrometry (GC–C-IRMS) and 

15 N-SIP in the meta- 
etabolome of the whole soil system (Knowles et al. 2010 ; or

ther complex media, e.g. river water; Mena-Riv er a et al. 2022 )
nd is essentially a targeted 

15 N fluxomics a ppr oac h (Cascante
nd Marin 2008 ). The soil protein pool is the largest (20%–50%
f total soil N), and ar guabl y most important, identifiable class
f soil organic N (Stevenson 1982 ). Microbially mediated N trans-
ormations through the AA glutamate (Glu; Santero et al . 2012 )
 epr esent the gatew ay betw een the inorganic and organic soil N
ools ( Supplementary Fig. S1 ). The extent to which fertilizer N

s incor por ated into soil pr otein has implications for its tempo-
 al av ailability to plants and loss pathwa ys [e .g. nitrate (NO 3 

−)
eaching, ammonia (NH 3 ) volatilization, and nitrous oxide (N 2 O)
missions] and we can now r e v eal distinct differ ences between
hr ee differ ent fertilizer N compounds in two differ ent gr assland
oils. 

aterials and methods 

e explore whether differences exist in the process- 
ng of three different 10 atom % 

15 N-labelled fertilizer N
ompounds—potassium nitrate (K 

15 NO 3 ), ammonium chloride 
 

15 NH 4 Cl), and urea (CO( 15 NH 2 ) 2 ); henceforth r eferr ed to as the
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 

https://doi.org/10.1093/femsle/fnae041
https://orcid.org/0000-0002-9483-2750
mailto:R.P.Evershed@bristol.ac.uk
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
https://creativecommons.org/licenses/by/4.0/


2 | FEMS Microbiology Letters , 2024, Vol. 371 

1
 

m
R  

m

S
S  

f  

N  

t  

U  

v  

t  

(  

l  

c
 

b  

a  

a  

W  

b  

r  

y
(  

c  

t  

a  

T  

m  

s  

d  

(

I
E  

t  

o  

t  

t  

c  

p  

s  

d  

r  

−  

fi  

s

E
h
F  

a  

a  

6  

t  

e  

b  

T  

p  

l  

t  Ta
b

le
 
1.

 
Ta

b
le
 
su

m
m

ar
iz

in
g 

th
e 

la
b

or
at

or
y 

in
cu

b
at

io
n
 
ex

p
er

im
en

ts
 
co

n
d

u
ct

ed
. 

S
oi

l 
S

u
b

st
r a

 te
 

K
ey

 
La

b
el

li
n

g 
S

u
b

st
r a

 te
 
ap

p
li

ed
 
10

 −1
 

g 
so

il
 

M
as

s 
N
 

10
 −1

 

g 
so

il
 

Eq
u

iv
al

en
t a
 

fe
rt

il
iz

at
io

n
 

r a
 te
 
k

g −
1 

N
 

h
a −

1 
ye

ar
 −1

 

In
cu

b
at

io
n
 
p

er
io

d
s 

R
M
 

K
 15
 

N
O
 3 

R
M

- 15
 

N
O
 3 
−

10
 
at

om
 
%
 

15
 

N
 

40
0 

μ
g 

in
 
20

0 
μ

l 
D

D
W

 
55

 
μ

g 
10

0 
1.

5,
 
3,
 
6,
 
an

d
 
12

 
h

ou
rs
 
an

d
 
1,
 

2,
 
4,
 
8,
 
16

, a
n

d
 
32

 
d

ay
s 

15
 

N
H
 4 
C

l 
R

M
- 1

5 
N

H
 4 
+ 

10
 
at

om
 
%
 

15
 

N
 

40
0 

μ
g 

in
 
20

0 
μ

l 
D

D
W

 
10

5 
μ

g 
19

0 
1.

5,
 
3,
 
6,
 
an

d
 
12

 
h

ou
rs
 
an

d
 
1,
 

2,
 
4,
 
8,
 
16

, a
n

d
 
32

 
d

ay
s 

C
O

( 1
5 
N

H
 2 
) 2
 

R
M

- 1
5 
N

-U
 

10
 
at

om
 
%
 

15
 

N
 

40
0 

μ
g 

in
 
20

0 
μ

l 
D

D
W

 
18

7 
μ

g 
34

0 
3 

h
ou

rs
 
an

d
 
2,
 
16

, a
n

d
 
32

 
d

ay
s 

N
eg

at
iv
 e 

co
n

tr
 ol
 

R
M

-C
 

—
20

0 
μ

l 
D

D
W

 
—

—
0 

h
ou

rs
 
an

d
 
32

 
d

ay
s 

W
A
 

K
 15
 

N
O
 3 

W
A

- 1
5 
N

O
 3 
−

10
 
at

om
 
%
 

15
 

N
 

40
0 

μ
g 

in
 
20

0 
μ

l 
D

D
W

 
55

 
μ

g 
10

0 
1.

5,
 
3,
 
6,
 
an

d
 
12

 
h

ou
rs
 
an

d
 
1,
 

2,
 
4,
 
8,
 
16

, a
n

d
 
32

 
d

ay
s b
 

15
 

N
H
 4 
C

l 
W

A
- 1

5 
N

H
 4 
+ 

10
 
at

om
 
%
 

15
 

N
 

40
0 

μ
g 

in
 
20

0 
μ

l 
D

D
W

 
10

5 
μ

g 
19

0 
1.

5,
 
3,
 
6,
 
an

d
 
12

 
h

ou
rs
 
an

d
 
1,
 

2,
 
4,
 
8,
 
16

, a
n

d
 
32

 
d

ay
s c
 

C
O

( 1
5 
N

H
 2 
) 2
 

W
A

- 1
5 
N

-U
 

10
 
at

om
 
%
 

15
 

N
 

40
0 

μ
g 

in
 
20

0 
μ

l 
D

D
W

 
18

7 
μ

g 
34

0 
2 

h
ou

rs
 
an

d
 
2,
 
16

, a
n

d
 
32

 
d

ay
s 

N
eg

at
iv
 e 

co
n

tr
 ol
 

W
A

-C
 

—
20

0 
μ

l 
D

D
W

 
—

—
0 

h
ou

rs
 
an

d
 
32

 
d

ay
s 

a 
Eq

u
iv
 al

en
t 

fe
rt

il
iz

at
io

n
 
r a

te
 
ca

lc
u

la
te

d
 
b

as
ed

 
on

 
a 

0.
3-

m
 
so

il
 
d

ep
th

 
an

d
 
an

 
av

 er
 a g

e 
of
 
fi

v e
 
to
 
si

x 
tr

ea
tm

en
ts
 
b

et
w

ee
n
 
Fe

b
ru

ar
y 

an
d
 
O

ct
ob

er
. T

h
e 

ra
te

s 
ar

e 
ge

n
er

al
ly
 
w

it
h

in
 
th

e 
ra

n
ge

 
re

co
m

m
en

d
ed

 
fo

r 
gr

as
sl

an
d

s 
fo

r 
d

ai
ry
 

gr
az

in
g 

(1
40

–3
40

 
kg

 
N
 
h

a −
1 

ye
ar
 −1
 

; D
ef

ra
 
20

10
 ).
 

b
 

N
ot
 
al

l 
ti

m
e-

p
oi

n
ts
 
an

al
ys

ed
 
fo

r 
A

A
s,
 
on

ly
 
3 

an
d
 
6 

h
ou

rs
 
an

d
 
2,
 
4,
 
16

, a
n

d
 
32

 
d

a y
s .
 

c 
N

ot
 
al

l 
ti

m
e-

p
oi

n
ts
 
an

al
ys

ed
 
fo

r 
A

A
s,
 
on

ly
 
1.

5,
 
3,
 
an

d
 
12

 
h

ou
rs
 
an

d
 
2,
 
8,
 
an

d
 
32

 
d

a y
s .
 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/doi/10.1093/fem
sle/fnae041/7689758 by R

otham
sted R

esearch user on 19 July 2024
5 NO 3 
− treatment; the 15 NH 4 

+ treatment, and the 15 N-U treat-
ent, r espectiv el y—in two differ ent soils, identified by site—

owden Moor (RM) and Winterbourne Abbas (WA)—using soil
icrocosms (Table 1 ). 

ites and soil sampling 

oil was sampled to a depth of 15 cm along a random W transect
rom plot six of RM experimental site at Rothamsted Research
orth W yke, Devon, UK (50 ◦46’42" N , 3 ◦54’47" W) and from Lit-

le Broadheath field of Longlands Dairy Farm, near WA in Dorset,
K (50 ◦42’46" N, 2 ◦34’55" W). The RM soil is classified as a Stagni-
ertic cambisol (FAO), a clayey noncalcareous Pelostagnogley of
he Hallsworth series (British Classification), or a Typic haplaquept
USDA; Harrod and Hogan 2008 ). The Little Broadheath soil is a
ime-rich clay loam of variable depth (0.3–0.8 m), underlain by
halk. 

The RM site was a long-term grassland ( > 40 years) dominated
y Lolium spp. interspersed with Cynosurus , Festuca , Agrostis , Holcus ,
nd Dactylis spp. It had been grazed by cattle for around 25 years
nd had r eceiv ed ∼200–250 kg N ha −1 year −1 as cattle slurry. The
A site, on the other hand, had been used for spring cropping

efore being converted to a grass ley ( Lolium perenne and Trifolium
epens ) and used for dairying with a mobile milking parlour for 2
ears prior to sampling. The ley was fertilized with 40 kg N ha −1 

pr e viousl y as ammonium sulfate [(NH 4 ) 2 SO 4 ] and then as sulfur-
oated urea [CH 4 N 2 O]) every 40 days from spring until the start of
he ‘closed period’ on 15th September. whic h pr ohibits N fertilizer
 pplication on gr asslands in nitr ate vulner able zones (Defr a 2013 ).
he samples of each soil were combined in equal weights and ho-
ogenized to produce a pooled soil sample for each site . P ooled

amples were air-dried to allow sieving to < 2 mm and then double
istilled water (DDW) added to attain 50% water holding capacity

WHC). 

ncubations 

ach experimental unit consisted of 10 g soil at 50% WHC con-
ained in a 10-cm high by 2-cm diameter glass tube. Maintenance
f the soil at 50% WHC was selected to pr e v ent leac hing and the
ubes were fitted with furnaced and pierced aluminium foil lids
o minimize volatile and e v a por ativ e losses. All incubations wer e
arried out in triplicate so ther e wer e thr ee tubes for eac h time
oint of each treatment. Incubation treatments and periods are
ummarized in Table 1 . Treatments were injected into the soil and
istributed over the full core depth. Incubations were halted at the
 equir ed time by immersion in liquid nitrogen (N 2 ) and stored at
20 ◦C prior to fr eeze-drying. Whole fr eeze-dried soil cor es wer e
nel y gr ound and homogenized using a pestle and mortar and
tored in sealed 28 ml vials at −20 ◦C. 

xtr action, isola tion, and deriv a tiza tion of 
ydrolysable AAs 

reeze-dried and ground incubation soil samples (100 mg) with
n added internal standard of 100 μl norleucine in hydr oc hloric
cid (400 μg ml −1 Nle in 0.1 M HCl) were hydrolyzed with 5 ml
 M HCl at 100 ◦C for 24 hours under an atmosphere of N 2 (Foun-
oulakis and Lahm 1998 , Roberts and Jones 2008 ). Acid hydr ol ysis
xtracts both free and proteinaceous AAs as well as catalyzing the
reakdown of living microbial biomass (Roberts and Jones 2008 ).
he r elativ el y harsh conditions ar e necessary for the cleav a ge of
eptide bonds between hydrophobic residues [e.g. isoleucine (Ile),

eucine (Leu), and valine (Val)], but also result in the deamina-
ion of aspar a gine (Asn) to Asp and glutamine (Gln) to Glu and
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the complete destruction of cysteine (Cys) and tryptophan (Trp; 
Fountoulakis and Lahm 1998 , Roberts and J ones 2008 ). T he tech- 
nique may also partiall y destr oy serine (Ser; ca. 10% loss), thre- 
onine (Thr; ca. 5% loss), and tyrosine (Tyr; loss depends on le v el 
of trace impurities in hydrolysis agent; Fountoulakis and Lahm 

1998 ) and has the potential to hydr ol yse AA c hains fr om nonpr o- 
teinaceous sources, such as peptidoglycan, resulting in an over- 
estimation of some AAs, mostly alanine (Ala), Glu, glycine (Gly),
and lysine (Lys; Roberts and Jones 2008 ). The technique is, how- 
e v er, consider ed the most reliable method for determining the to- 
tal protein content of soils (Roberts and Jones 2008 ) and as such,
it is reasonable to equate total hydr ol ysable AA concentr ations to 
the size of the soil protein pool. The hydr ol ysis is performed un- 
der N 2 as the presence of O 2 can induce the thermal breakdown of 
hydroxyl- and sulfur-containing AAs [e .g. Ser, T hr, Tyr, and methio- 
nine (Met); Roberts and Jones 2008 ]. Hydr ol ysates wer e collected 

by centrifugation, dried at 60 ◦C under a stream of N 2 , and stored at 
−20 ◦C under 1 ml 0.1 M HCl. Cation-exchange column chromatog- 
r a phy with acidified Do w ex 50WX8 200–400 mesh ion-exchange 
resin was used to isolate AAs from the hydrolysates (Metges and 

Petzke 1997 ). Finally, the hydrolysed soil AA mixtures were con- 
verted to their N -acetyl, O -isopropyl deri vati ves for analysis (Corr 
et al. 2007 ). 

Instrumental analyses 

Bulk soil percentage total N (% TN) and δ15 N analyses were 
carried out by elemental analysis-isotope ratio mass spectrom- 
etry (EA-IRMS) at the Lancaster node of the Natural Environ- 
ment Research Council Life Sciences Mass Spectrometry Facility 
(NERC LSMSF). AAs as their N -acetyl, O -isopropyl deri vati ves were 
quantified by comparison with the Nle internal standard using 
gas c hr omatogr a phy–flame ionization detection (GC–FID). The N - 
acetyl, O -isoprop yl AAs w ere identified by their known elution or- 
der and by comparison with N -acetyl, O -isopropyl derivatized-AA 

standar ds. Data w er e acquir ed and anal ysed using Clarity c hr o- 
matogr a phic station for Windows by DataApex. The δ15 N values 
of individual AAs as their N -acetyl, O -isopr opyl deriv ativ es wer e 
determined using GC–C-IRMS. Data were acquired and analysed 

using Isodat NT 3.0 (Thermo Electr on Cor por ation). Bulk soil per- 
centage total C (% TC) analyses were carried out on a Eurovector 
EA3000 elemental analyser. 

Sta tistical informa tion and calcula tions 

AA plateau �15 N values and % 

15 N R incorporations were deter- 
mined by curve fitting with a simple exponential equation using 
Genstat ® statistical software for biosciences (19th edition, VSNI): 

y i = α + βe −θx i + e i , (1) 

where α is the plateau AA �15 N value or % 

15 N incorporation, α + 

β is the AA �15 N value or % 

15 N incorporation at t = 0 (which is 0 
by definition for these parameters) and θ is the rate at which AA 

�15 N values or % 

15 N incorporations increase. In addition, due to 
the temporal trend of Glx �15 N values in the 15 NH 4 

+ and 

15 N-U 

tr eatments, these r esponses wer e also fitted with a critical expo- 
nential r egr ession: 

y i = α + ( β + γ x i ) e 
−θx i + e i , (2) 

where α is again the plateau AA �15 N value or % 

15 N incor por a- 
tion and α + β is again the AA �15 N value or % 

15 N incor por ation 

at t = 0 (again 0 by definition).The balance between γ (increase) 
and θ (decay) controls the height and positioning ( x value) of the 
eak in the critical exponential function, where γ can be used to
ssess the rate of increase in AA �15 N values or % 

15 N incorpo-
 ated (lar ger γ = faster, although comparison between γ values
ecomes less clear where θ values differ). 

Lack of error bar overlap between mean �15 N values at t = 32
ays was used as an indicator of significant statistical difference
etween final AA �15 N values . T his approach was used because
ormal statistical testing would confirm a significant statistical 
ifference between means with separated error bars, and would,
 ather, onl y be useful to determine whether ther e wer e an y statis-
icall y significant differ ences between means with some error bar
v erla p. This further le v el of inspection was not deemed to add
ufficient value to the inter pr etation of this work as the complex
tatistical modelling r equir ed to rigor ousl y determine the statis-
ical difference between plateau �15 N values (using constrained 

urve fitting) would not be proportionate for the additional infor-
ation obtained. Simple t -tests or analysis of variance using fi-

al t = 32-day values would be based on very small datasets and
ould ther efor e onl y pr ovide confirmation wher e err ors bars ar e

epar ated, whic h can already be observed. 
The percentage of the applied 

15 N incorporated into each AA is
s follows: 

% 

15 N A incorporation = 

(
E 

n E ( 15 N ) A 

)
× 100 , (3) 

here E is the 15 N enrichment of the AA following application
f a 15 N-labelled substrate (taking into account the moles of N
n the AA per gram of sample and the excess atom fraction of
he AA after incubation, compared with the control). The percent-
 ge of r etained 

15 N [based on n E ( 15 N) P/C , the excess moles of 15 N
r esent/r etained per gram bulk sample at time, t ] incorporated

nto each AA at time, t is as follows: 

% 

15 N R incorporation = 

( 

E 
n E ( 15 N ) P / C 

) 

× 100 . (4) 

Finall y, the percenta ge of a pplied/r etained 

15 N incor por ated
nto ne wl y synthesized soil pr otein w as determined b y summing
he results of Equations (3) or (4) , respectively, for individual AAs.

esults and discussion 

ncillary data for the incubation experiments is given in 

upplementary Note 1 and Supplementary Tables S1 –S8 . AA 

15 N-
IP exposes patterns in the biochemical assimilation pathways 
f applied 

15 N-labelled substrates via changes in the measured 

sotopic compositions ( δ15 N values) of each hydrolyzable AA over
ime (Charteris et al. 2016 ). AA δ15 N v alues r eflect the r elativ e 15 N
ontent in the AA pool at that time, with any additional 15 N ( cf.
 = 0 AA δ15 N values , i.e . �15 N v alues; Fig. 1 A–F) being deriv ed fr om
he applied 

15 N-labelled substrate. 
Individual AAs demonstrated different levels and patterns of 

5 N incor por ation in eac h tr eatment, but in both 

15 NO 3 
− treat-

ents, �15 N v alues initiall y dipped befor e rising (Fig. 1 A and B).
ll AAs exhibited a similar temporal pattern, but a range of re-
ponses (AA �15 N values) was observed at all time points. In the
5 NH 4 

+ and 

15 N-U tr eatments (Fig. 1 C–F), glutamate [abbr e viated
o ‘Glx’ since acid hydr ol ysis deaminates glutamine to glutamate,
o the measured glutamate pool includes contributions from glu- 
amic acid (Glu) and glutamine (Gln)] had a differ ent tr end fr om
he two-phase rise of other AAs rising more quickly to an early
eak (at ca. t = 2 days). 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
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Figure 1. Time–course plots of AA �15 N values revealing 15 N assimilation into individual AAs in the six treatments. (A) RM- 15 NO 3 
− , (B) WA- 15 NO 3 

−

(error bars at t = 16 and 32 days are coloured to aid differentiation), (C) RM- 15 NH 4 
+ , (D) WA- 15 NH 4 

+ , (E) RM- 15 N-U, and (F) WA- 15 N-U. RM and WA refer 
to the two different soils from the two sites, RM and WA and the three amendments were potassium nitrate (K 

15 NO 3 ), ammonium chloride ( 15 NH 4 Cl), 
and urea (CO( 15 NH 2 ) 2 ). Error bars are ± SE ( n = 3). See Supplementary Fig. S3 . For individual figures for each AA in each treatment for additional clarity. 
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Explanations for the temporal trends in soil AA δ15 N val-
es following 15 NO 3 

− and 

15 NH 4 
+ treatments fit with the

nown biochemistry of N assimilation (Charteris et al. 2016 , 
upplementary Fig. S1 ). Ammonium is gener all y the pr eferr ed an-
bolic source of inorganic N for soil microorganisms as both NO 3 

−

ptake and reduction to NH 4 
+ for incorporation into cell material

 equir e mor e ener gy (and thus C; Rice and Tiedje 1989 , Recous et
l. 1990 , Magasanik 1993 , Geisseler et al. 2010 ). The suggestion of
oxically high NO 3 

− concentrations inducing localized cell lysis
Charteris et al. 2016 ) may not adequately account for the early
egativ e �15 N v alues in the 15 NO 3 

− tr eatments. Muc h of the ma-
erial released from lysed cells would require mineralization prior
o assimilation into AAs, which would take time (Kuzyakov et al.
000 ). Instead, KNO 3 could hav e stim ulated the r elease of some
lay fixed NH 4 

+ (by replacement of NH 4 
+ with K 

+ ; Nieder et al.
011 ). Fast assimilation of this a ppar entl y 15 N-depleted NH 4 

+ ( cf.
ther N sources for AA biosynthesis, perhaps due to some iso-
ope effect(s) associated with NH 4 

+ fixation and subsequent re-
ease) resulted in the biosynthesis of tr ansientl y 15 N-depleted AAs.
empor al tr ends in AA �15 N v alues in the 15 N-U tr eatments ar e
imilar to those of the 15 NH 4 
+ treatments and urea- 15 N was most

ikel y hydr ol yzed (Mobley et al. 1995 ) and assimilated as 15 NH 4 
+

via r eductiv e amination of α-ketoglutar ate to L -Glu catal yzed by
lutamate dehydrogenase (GDH) or via the glutamine synthetase-
lutamate synthase (GS-GOGAT) pathway; Supplementary Fig. S1 ;
antero et al . 2012 ]. The r elativ e contribution of Glu and Gln to the
lx pool could not be determined in this study and ma y ha ve influ-
nced which 

15 NH 4 
+ assimilation pathway dominated in the dif-

erent soils (Geisseler et al. 2009 ). The relative operation of these
athways is also affected by other factors (e.g. the C:N ratio of the
mendment; Geisseler et al. 2009 ). The contribution of Glu and
ln to the Glx pool can be expected to have been the same at the
tart of each incubation in the same soil receiving the different
reatments. 

Since AA concentrations (and thus the balance of AA degrada-
ion/biosynthesis/turnover) did not change markedly during the
ncubation experiments ( Supplementary Note 1 ; Supplementary
ables S3 –S8 ), 15 N may be expected to be distributed (after ini-
ial uptake) in proportion to the quantity of N in each AA pool.
o w e v er, 15 N can onl y be incor por ated into activ el y cycling pools,

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
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https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
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so a large, but stable AA pool would incorporate less 15 N than 

expected based on the amount of N in that AA pool. Deviations 
fr om a pr oportional distribution, ther efor e, r esulted fr om activity 
differences between AA pools and from the different biochemi- 
cal routing of 15 N. These deviations are reflected in differing fit- 
ted (Equations 1 and 2 ) or ‘plateau’ AA �15 N values (if 15 N is dis- 
tributed in proportion with AA concentration, AA �15 N values 
would be a ppr oximatel y equal for all AAs in a given experiment; 
Supplementary Note 2 ; Supplementary Tables S9 and S10 ). 

AA δ15 N (and �15 N) v alues indicate the pr oportion of N deriv ed 

fr om the a pplied 

15 N but not the total flux of that 15 N into in each 

hydr ol yzable AA [or, ther efor e, the distribution of applied 

15 N or 
15 N still present in the soil ( retained 15 N ) amongst the AAs]. AAs 
present in higher concentrations require larger amounts of 15 N 

to raise the N isotopic composition of the whole pool. It is, there- 
fore, useful to consider the excess moles of 15 N in each AA and,
to provide some context, in comparison with the excess moles 
15 N applied (Equation 3 ), or alternatively, the excess moles 15 N re- 
tained in the soil at that time (Equation 4 ; Supplementary Fig. S2 ).
P er centa ge a pplied 

15 N incor por ations (% 

15 N A incor por ation) ar e 
useful in providing an indication of the ov er all fate of applied 

15 N 

(affected by heterogenous treatment applications and any losses 
of 15 N fr om the system, whic h w ould occur in a field). P er centage 
r etained 

15 N incor por ations (% 

15 N R incor por ation) r eflect the par- 
titioning of 15 N present (or retained) in the system at the time, but 
as these data are calculated based on bulk soil δ15 N values, could 

be affected by volatile losses of lighter 14 N raising values. 
Temporal patterns in the % 

15 N R incorporation into each AA 

under eac h tr eatment (Fig. 2 A–F) wer e similar to those of incr eas- 
ing AA �15 N values (Fig. 1 A–F) but were dependent on the quan- 
tity of AA N in each pool ( Supplementary Tables S3 –S8 ; to reflect 
the routing/partitioning of 15 N) and smoothed by the availabil- 
ity of 15 N in the bulk soil. As for AA plateau �15 N values, AA 

plateau % 

15 N R incor por ations wer e determined by fitting sim- 
ple exponential r egr essions (as well as critical exponential r egr es- 
sions for Glx in the 15 NH 4 

+ and 

15 N-U treatments; Equations 1 
and 2 ; Supplementary Tables S11 and S12 ). The largest plateau 

hydr ol yzable AA % 

15 N R incor por ations wer e found in Glx in fiv e 
out of the six tr eatments, r anging fr om 2.65 ± 0.15% of retained 

15 N in RM- 15 NH 4 
+ to 1.0 ± 0.21% in WA- 15 NO 3 

− (Fig. 2 A–F). Us- 
ing an analogous experimental a ppr oac h (kinetic flux profiling) 
on an Esc heric hia coli culture, Yuan et al. ( 2006 ) similarly found 

largest fluxes of 15 N into Glu and Gln and surmized that Glu N 

was quic kl y tr ansferr ed into other AAs (Reitzer 2003 ). The excep- 
tion to this was the RM- 15 NO 3 

− treatment, in which the highest 
% 

15 N R was observed in Ala (0.4% r etained 

15 N). In gener al, and 

particularly in the 15 NO 3 
− treatments, AAs present at higher con- 

centrations ( Supplementary Tables S3 –S8 ) demonstrated larger % 

15 N R incor por ations (Fig. 2 A–F), as might be expected to maintain 

the AA concentr ation pr ofile of the soil, whic h did not v ary. As 
highlighted by differences in AA �15 N values, ho w ever, applied 

15 N 

was not homogeneously distributed across the AA pools due to 
differ entl y r esponding subpools of AAs and/or the differential bio- 
c hemical r outing of 15 N (Fig. 2 A–F; Supplementary Note 3 ). That 
the plateau 

15 N le v els (as depicted in the pie charts in Fig. 2 C–F) 
for the 15 NH 4 

+ and 

15 N-U tr eatments ar e v ery similar, but those 
of the 15 NO 3 

− are different both from these four and one another,
suggests that the two soils responded differently to nitrate, but 
similarly to the other two substrates. 

A summation of the results of Equations ( 3 ) and ( 4 ) for 
eac h hydr ol yzable AA giv es the % 

15 N A incor por ation and % 

15 N R incor por ation into the total hydr ol yzable AA pool, r espec- 
tiv el y (Fig. 3 ). Ther e wer e onl y minor differ ences between the % 
5 N A incor por ation and % 

15 N R incor por ation into the total hy-
r ol yzable AA pool, whic h wer e due to bulk soil 15 N contents
 Supplementary Table S1 ). As before, plateau % 

15 N incor por ations
nto the total hydr ol yzable AA pool were determined by fitting
imple exponential r egr essions (Equation 1 ; Supplementary Table
16 ). Differences between the three N sources and two soils are
lear—the three substrates are assimilated to significantly differ- 
nt extents ( 15 NH 4 

+ > 

15 N-U > 

15 NO 3 
−) in the RM soil, but not in

he WA soil (based on error bar overlap). 
Although the two soils in these experiments were sampled 

r om cattle-gr azed gr asslands in southwest England, they had dif-
er ent mana gement histories and contr asting compositions (non-
alcar eous v ersus calcar eous), whic h affected the biotic and abi-
tic processing of applied N (Müller et al. 2011 ). The RM soil re-
eiv ed onl y cattle slurry for the 25 years prior to soil sampling
hile the WA soil also r eceiv ed r egular additions of ammonium

ulfate or urea (since 2011 when it was conv erted fr om spring
rops to grass le y). Man uring, and higher soil percentage total or-
anic carbon (% TOC) and percentage total N (% TN) contents have
een related to greater soil microbial biomass activity (RM > WA;
 = 0% TOC 6.80% cf. 4.17% and % TN 0.63% cf. 0.45; Söderström
t al. 1983 , Černý et al. 2003 , Edmeades 2003 , Booth et al. 2005 ,
üller et al. 2011 ). 
Substrate assimilation in the RM soil matched expectations 

ased on N assimilation biochemistry and previous studies as- 
essing fertilizer N immobilization with bulk measurements (e.g.
ic kr amasinghe et al. 1985 , Jackson et al. 1989 , Recous et al. 1990 ,

hristie and Wasson 2001 ). NO 3 
−- 15 N was not used extensiv el y as

n anabolic N source. Both NO 3 
− uptake and incor por ation into

ell material (via reduction to NH 4 
+ ) require more energy (and

hus C) than NH 4 
+ assimilation and NO 3 

− uptake can be inhib-
ted by only low concentrations of NH 4 

+ (Rice and Tiedje 1989 , Re-
ous et al. 1990 , Magasanik 1993 , Geisseler et al. 2010 ). Urea- 15 N
ncor por ation w as slo w er and less extensive than 

15 NH 4 
+ incor-

or ation as ur ea m ust first be hydr ol yzed. Ur ease is ubiquitous in
oils, ho w e v er, and ur ea hydr ol ysis can occur extra- or intracellu-
arly (Mobley et al. 1995 , Geisseler et al. 2010 ), at a lo w er metabolic
ost than 

15 NO 3 
− reduction. 

The operation of a more active (or larger) soil microbial biomass
n the RM soil is supported by the significantly higher (almost
ouble) plateau le v el of incor por ation of 15 NH 4 

+ (bioav ailable N
ource) in this soil, compared with the WA soil. Alternativ el y, less
f the applied 

15 NH 4 
+ ma y ha ve become una vailable (e .g. by or-

anic matter adsorption or clay-fixation; Booth et al. 2005 , Nieder
t al. 2011 ) in the RM soil. Lo w er NH 4 

+ availability in the WA soil,
ompared with the RM soil could also explain the significantly
reater assimilation of the less favourable N source, NO 3 

−(- 15 N),
y the WA soil, (where not limited by C). In addition, the WA soil
a y ha ve become better adapted to NO 3 

−-anabolism due to his-
oric inorganic fertilization (Inselsbacher et al. 2010 , Bunch and
ernot 2012 ), which can result in soil NO 3 

− accumulation from ni-
rification due to NH 4 

+ assimilation saturation or out-competition 

nder C-limitation (Robertson and Groffman 2007 ). Indeed, at- 
unement to urea fertilization of this soil could also be respon-
ible for the faster (initial and ov er all) assimilation of urea- 15 N
ompared with the RM soil through increased endogenous urease 
oncentrations. 

Further, differences in the active microbial community, such 

s r elativ e bacterial and fungal r atios, arising fr om differing man-
gement, may also influence dynamics of uptake for differing N
mendments. Other work at the RM site using amino sugar (AS)
5 N-SIP allo w ed quantification of 15 N assimilation in this smaller,
ut more specific soil organic N pool (Reay et al. 2019a , Joergensen

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
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Figure 2. Time–course plots of AA % 

15 N R incor por ations r e v ealing 15 N assimilation into individual AAs in the six tr eatments, alongside pie c harts of 
the r elativ e percenta ge of r etained 15 N in eac h AA pool this r epr esented, based on the plateau partitioning of 15 N in eac h total hydr ol yzable AA pool 
(deriv ed fr om simple exponential r egr essions of the % 

15 N R incor por ated into AAs ov er time; Equation 1 ). (A) RM- 15 NO 3 
− (err or bars for Ala and Gl y ar e 

coloured to aid differentiation), (B) WA- 15 NO 3 
− (error bars for Glu, Asp, and Ala are coloured to aid differentiation), (C) RM- 15 NH 4 

+ , (D) WA- 15 NH 4 
+ , (E) 

RM- 15 N-U, and (F) WA- 15 N-U. Error bars are ± SE ( n = 3). Adapted from Charteris ( 2019 ). 
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018 ). Assimilation into bacterial AS pools reflected dynamics ob-
erv ed her ein for AAs (Reay et al. 2019b ), while fungal AS exhib-
ted slo w er uptake, and a lo w er pr efer ence for NH 4 

+ ov er NO 3 
−,

ikel y r eflecting uptake of secondary N sources (Marzluf 1997 , He
t al. 2011 ). Hence the differing soil types, and management at
he RM and WA sites her ein likel y r esulted in differing micr obial
ommunities (Malik et al. 2018 , Romdhane et al. 2022 ), and thus
ttunement to N amendments. 

Ov er all, a maxim um of 12.9% of a pplied 

15 N (as 15 NH 4 
+ ), or

1.7% of ‘retained’ 15 N was assimilated into the total hydrolyzable
A pool (in RM- 15 NH 4 

+ ; Fig. 3 ; Supplementary Table S16 ). Incorpo-
ation was lowest in RM- 15 NO 3 

−, at 1.7% of applied 

15 N, or 1.6% of
etained 

15 N. These maximal plateau % 

15 N incor por ations ar e un-
ikel y to hav e been caused by 15 N-substrate limitation during the
ncubations since 15 N remained in the soil (based on bulk soil δ15 N
alues) and other processes: are either considered poor competi-
ors for NH 4 

+ (e.g. nitrification); would not reduce 15 N availability
e.g. denitrification or other gaseous losses, whic h wer e not ob-
erved to occur extensively, and would likely increase, rather than
ecrease, bulk soil δ15 N values); or were not observed to occur (e.g.

5 N loss via leaching). Maintenance of the soil at 50% WHC pre-
 ented leac hing losses and made anaer obic micr osites suitable for
enitrification and dissimilatory nitr ate r eduction to ammonium

DNRA) less likely to develop (Tiedje et al. 1984 , Sexstone et al.
985 ). Rather, maximal 15 N assimilations pr obabl y r esulted fr om
egulation of N uptake/assimilation as limitation by another es-
ential nutrient (e.g. C or P) arose in the soil. Physical and chemical
rotection of soil organic C reduces microbial availability, result-

ng in C-limitation, which is consistent with lo w er NO 3 
− assimila-

ion observed in the WA soil, which had lo w er C content compared
o the RM soil (Soong et al. 2019 ). 

The application of our new 

15 N-AA SIP approach provides new
nsights into inorganic and organic N assimilation biochemistry
y soil micr obes. Criticall y, it pr ovides vital mechanistic links be-
ween theor etical/pur e cultur e deriv ed bioc hemical expectations
nd bulk le v el fertilizer immobilization studies, bridging these dif-
erent scales of understanding. Moreover, the work demonstrates
hat simple biochemical processes (N assimilation in this case)
per ating in physiologicall y r ele v ant complex matrices are sub-
ect to additional biotic and abiotic environmental influences. This
ncludes substr ate suppl y by similarl y influenced upstr eam pr o-
esses and can ov er all r esult in quite differ ent a ppar ent pr ocess
fficiencies in different settings (here , soils). Hence , the work con-
titutes a k e y ste p to w ar d gr eater a ppr eciation of the micr obiall y
ediated transformations of fertilizer N to organic N and con-

ributes to a more complete picture of soil N-cycling in response
o fertilizer N a pplications. Finall y, the quantitativ e estimates r e-
arding these transformations generated through time–course in-
ubation experiments are vital parameters for the next generation
f soil N-cycling models. 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnae041#supplementary-data
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F igure 3. P er centage of 15 N incorporated into the total hydrolyzable AA pool for all treatments, labelled with the plateau % 

15 N R incorporations 
determined by simple exponential r egr essions. (A) Percenta ge of applied 15 N and (B) Percentage of the 15 N still present in the soil or ‘retained’ at that 
time. Error bars are ± SE ( n = 3), the error bars of the WA- 15 NO 3 

− treatment are highlighted in red as the bar at t = 32 days is large and otherwise 
difficult to distinguish. Adapted from Charteris ( 2019 ). 
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