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Abstract The mineralization of nitrogen (N) and
especially the regeneration of ammonium are criti-
cal processes performed by bacteria in aquatic eco-
systems. Quantifying these processes is complicated
because bacteria simultaneously consume and pro-
duce ammonium. Here we use experimental data on
the effects of the molecular composition of the sup-
plied substrates, combined with a classical stoichio-
metric model of ammonium regeneration, to demon-
strate how the quantification of these processes can be
improved. We manipulated a batch culture experiment
with an isolated bacterial community by adding three
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different types of N substrates: dissolved inorganic
nitrogen (DIN, nitrate), dissolved organic nitrogen
(DON, amino acid) and a mixture of DIN and DON.
With such experiment set-up, the ammonium regen-
eration per se could be easily tracked without using
complicated methods (e.g. isotope dilution). We com-
pared the experimental data with the predictions of
Goldman et al.” model (Limnol Oceanogr 32:1239—
1252, 1987) as well as with a revised version, using
the measured consumption carbon:nitrogen ratio (C:N
ratio), rather than an estimated consumption ratio. We
found that, for all substrates, and in particular, mixed
substrates where C and N are partially dissociated
between different molecules, estimates of ammonium
regeneration rates can be improved by measuring the
actual consumption C: N ratio.

Keywords Organic nitrogen - Inorganic nitrogen -
Bacterial stoichiometry - Bacterial ammonium
regeneration - Bacterial net mineralization

Introduction

Ammonium is a critical nitrogen (N) source for phy-
toplankton because this reduced substrate requires
less energy to be assimilated than other sources of N
such as nitrate (Glibert et al. 2016). In most ecosys-
tems, ammonium results from mineralization by het-
erotrophic bacteria. They mineralize the N that is con-
tained into the dissolved or particulate organic matter
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(DON and PON, respectively) as ammonium and make
it available for uptake by primary producers (Wheeler
and Kirchman 1986). However, heterotrophic bacteria
also take up ammonium or nitrate to build their own
biomass. By taking up mineral N to meet their own
needs, bacteria thus compete with primary producers
(Tupas et al. 1994; Kirchman and Wheeler 1998; Glib-
ert et al. 2016). The balance between bacterial ammo-
nium regeneration and mineral N consumption, net N
mineralization, thus determines the effect of bacteria
on overall rates of primary production, and ultimately
the productivity of higher trophic levels. Thus, it is a
key ecosystem process (Danovaro 1998; Danger et al.
2007).

Positive net N mineralization usually occurs when
the carbon to nitrogen molar ratio of the substrate
used by bacteria (henceforth denoted Sc.) is lower
than a given threshold C:N molar ratio, 7., the stoi-
chiometric net mineralization threshold. Previous stud-
ies show that the threshold has a value around 10 for
aquatic bacteria (i.e., net nitrogen regeneration occurs
when Sc.<10) (Parnas 1975; Goldman et al. 1987;
Goldman and Dennett 1991; Cherif and Loreau 2007).
When Sc.n > 10, then net immobilization of mineral N
by bacteria in their biomass may occur. These studies
highlight the importance of Sc. and 7. as a major
factor determining whether bacteria take up or regen-
erate mineral N. However, what determines 7. is not
fully addressed yet.

The net mineralization threshold obviously depends
on the C:N ratio of bacterial biomass (¥(.y). In general,
YN 1n aquatic bacteria is between 5 and 7 (mol:mol),
which is lower than the net mineralization threshold
(Cotner et al. 2010). Thus, other parameters besides
Y. must play a role in determining the threshold.

Mass-balance considerations dictate that:

_ BGE( Uc
C:N = T (D
BGE, Uy

where U is the total net amount of organic carbon
consumed by bacteria, Uy is the total net amount of
nitrogen consumed by bacteria, BGE. and BGEy; are
the bacterial growth efficiencies for C and N, respec-
tively, i.e., the fraction of consumption that is accu-
mulated into biomass:

BGE = Ye—Re )

Uc
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where R is the carbon respired, and

Uy — GNM
BGEy = o 3)

where GNM is gross nitrogen mineralization by bac-
teria, equivalent to ammonium regeneration for het-
erotrophic bacteria.

By combining (1) and (3), we can express ammo-
nium regeneration GNM as a function of Y.y, bac-
terial biomass C:N ratio, and bacterial growth effi-
ciency for C, BGE:

U-BGE,
GNM = Uy ~ ——— @
Y, C:N

Equation (4) simply expresses gross nitrogen min-
eralization, as the difference between the nitrogen
consumed Uy and the nitrogen assimilated in propor-
tion to the carbon accumulated in the biomass.

Measuring all components of the equation within
the same experiment is rarely done in the field. In
particular, because bacteria in the field simultane-
ously consume and produce ammonium, it is difficult
to measure GNM and Uy at the same time without
resorting to cumbersome methods based on isotope
dilution (Tupas and Koike 1991). Therefore, it is usu-
ally assumed that the substrate is homogeneous and
that the ratio of C to N consumption simply reflects
the ratio of C-to-N in the substrate (Goldman et al.
1987):

Uc

Uy - Sc:N 5

we define the net N mineralization threshold, 7.y as

T Yen
. = .
C:N BGE_ ©

where Ty is approximately 10 in many aquatic eco-
systems (Goldman et al. 1987; Goldman and Dennett
1991). T¢.y can be understood as the ratio of carbon
to nitrogen demand of bacteria, where carbon demand
includes the C needed for respiration and mainte-
nance (Cherif and Loreau 2007). Hence, under the
assumption in (5) and (6), (4) becomes (as expressed
in Goldman et al 1987):

SC:N TC:N
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One can notice that the term between brackets
in Eq. (7) can be positive or negative, correspond-
ing to either immobilization in bacterial biomass or
mineralization depending on whether S¢. is smaller
or larger than T.y. Because ammonium is an eas-
ily available source of N to bacteria in most aquatic
ecosystems (Kirchman 1994), it is frequently used as
substrate in controlled experiments (such as in Gold-
man et al 1987). When ammonium is both a substrate
and an excretion product, it becomes almost impossi-
ble to measure gross nitrogen mineralization (GNM)
separately from nitrogen consumption (Uy) and only
the resultant net nitrogen mineralization (NNM) can
be measured:

NNM = GNM — Upy (8)

where Upyy is the dissolved inorganic nitrogen con-
sumed by bacteria.

Hence, Eq. (7) need to be modified in order to
describe net nitrogen mineralization based on Eq. (8):

1 1

NNM = Up[—— — ——
¢ OC:N TC:N

] C))

where Oc.y represents the C:N ratio of the organic
fraction of the substrate. Here, it is usually assumed
that the substrate is homogeneous and that the ratio of
organic C to N consumption simply reflects the ratio
of organic C to N in the substrate (Goldman and Den-
nett 1991):

Uc

UDON

= Oc:n (10)

where Upgy is the organic N consumed by bacteria,
often calculated as Upgy = Uy — Upy-

Equation (9), expressed in slightly different forms,
is the basis of most models that relate growth, sub-
strate use and nutrient release in bacteria (e.g. Gold-
man and Dennett 2000; Daufresne and Loreau 2001;
Manzoni et al. 2017).

Equation (9) has been tested successfully in the lab
on bacteria that grow on labile organic substrates with
similar bioavailability (Goldman et al. 1987; Gold-
man and Dennett 1991, 2000). The equation hinges
on the simplifying assumption made in Eq. (10) that
organic C and N are consumed in the same proportion

as they are supplied. However, in natural waters, there
is a wide diversity of C and N sources available for
bacteria (e.g. amino acids, fatty acids) that differ
widely in bioavailability, so that bacterial preference
for different substrates could directly influence Ug.y.
Whether the C:N consumption ratio Ug.y completely
reflects O¢.y (Eq. 10) or not is thus questionable. An
extreme case is when bacteria grow only on mineral
N, i.e., the sources of C and N are totally dissociated.
Then Uy is likely to reflect bacterial needs, and thus
equal 7.y rather than Oc.y. Indeed, in cases where
no N is supplied in organic form, i.e., Oc.y = +o0,
Eq. (9) takes the simpler form:

NNM = Uc[—TL], an

C:N
meaning that bacteria are predicted to immobilize
nitrogen in their biomass in proportion of their con-
sumption of C and their relative biomass demand in
Cand N (Tep)-

Given the importance of Eq. (9), both empirically
and theoretically, as the basis of bacterial NNM meas-
urements used to quantify the stoichiometry of C and
N cycles, we performed an experiment to assess its
validity under different mixes of C and N resources.
We grew an isolated bacterial community under 3
conditions (1) substrates where C and N are strongly
coupled to each other, i.e., they are bound in the same
DON molecule. For this situation we expect Ug.y to
equal Oc.y and thus both Egs. (9) and (10) to hold;
(2) substrates where C and N are perfectly dissoci-
ated, i.e. using nitrate and a DOC molecule as sub-
strates. Here, we expect Uq. to be decoupled from
O .y and thus Eq. (11) to hold instead of Eq. (9); (3)
substrates where C and N are partially associated, i.e.,
combining the first and second substrates. Here Uc.y
is expected to reflect Oq only partially and thus
Egs. (9) and (10) to apply only partially. The set-up
of the experiment allows measuring U Uy Uppy,
Upon and GNM, so that consumption ratios can be
calculated independently from the supply ratio Sc.y.
Hence, the experiment will enable us to conclude
on the importance of using C and N consumption in
models and assays of net N mineralization by bacte-
ria, rather than using C and N substrate availabilities
as proxies.

@ Springer
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Materials and methods
Bacteria community isolation

We isolated a bacteria community from a non-axenic
single strain phytoplankton (Monoraphidium minu-
tum) batch culture. We assumed that a bacterial com-
munity is better equipped to use a variety of C and
N resources than a single strain. The phytoplankton
culture was grown in a Combo medium (Kilham
et al. 1998) with only half of the nitrate concentra-
tion (500-uM-N). The culture was kept at 18 °C under
a 16:8 light: dark cycle for 2 weeks. The water was
filtered through three GF/F glass fibre filters (0.7 um
pore size) to isolate the bacteria community from
the phytoplankton and from other potential contami-
nating protozoa. After filtration, the absence of phy-
toplankton in the culture was checked by analyzing
phytoplankton abundance in the culture with flow
cytometry and the culture was immediately covered
by foil and stored at 18 °C for further manipula-
tions. The concentration of dissolved organic carbon
(DOC) and total dissolved nitrogen (TDN) in bacteria
stock culture were around 290-uM-C and 100-uM-N,
respectively.

Experimental procedure

The bacteria isolated were inoculated (with a vol-
ume of 6 ml each) into bottles containing 600 ml of

a COMBO medium (Kilham et al. 1998) modified so
as not to contain nitrogen. N was added separately,
using different substrates in different treatments: (1)
DIN/DOC treatment: bottles received N as nitrate,
ensuring that all nitrogen available to bacteria was
in a dissolved inorganic nitrogen form (DIN); (2)
DON treatment: bottles received an amino acid as the
nitrogen source, ensuring that all nitrogen available
to bacteria was in a dissolved organic form (DON);
(3) COMBINED treatment: bottles received nitro-
gen in both inorganic (as nitrate) and organic (using
the same amino acid) forms (DIN/DON). The final
total N concentration in all the treatments was kept
the same (100 pM-N). We chose a concentration of
N similar to the bacterial stock culture to ensure no
nutrient shock for bacteria growth. All the treatments
received organic carbon as well, using different sub-
strates in different treatments: (1) DIN/DOC treat-
ment: bottles that received nitrate as their N substrate
received an organic molecule containing C and no N;
(2) DON treatment: bottles that received an amino
acid as their N substrate already contained organic C
in the amino acid, and did not receive further organic
molecules; (3) COMBINED treatment: bottles that
received both nitrate and an amino acid received the
same organic compound as in the DIN/DOC treat-
ment in order to complement the organic C already
contained in the amino acid. The C-only containing
molecule was carefully chosen so as to have chemi-
cal properties close to the amino acids selected, and

Table 1 Carbon and nitrogen substrates used in the different treatments

Total C:N ratio CN molecular composition Treatments
DIN/DOC COMBINED DON
Sen=3 N-only Nitrate, NO3~ Nitrate, NO3~
and (100 uM-N) (50 uM-N)
C-only substrates Pyruvic acid, Pyr Pyruvic acid, Pyr
(300 uM-C) (150 uM-C)
Dual C-N substrates L-alanine, Ala L-alanine, Ala
(50 uM-N, 150 pM-C) (100 uM-N, 300 uM-C)
Sen=5 N-only Nitrate, NO3™ Nitrate, NO3™

and (100 uM-N)
a-ketoglutarate, Ket

C-only substrates
(500 uM-C)
Dual C-N substrates

(50 uM-N)
a-ketoglutarate, Ket
(250 utM-C)
Glutamate, Glu

(50 uM-N, 250 uM-C)

Glutamate, Glu
(100 uM-N, 500 uM-C)

Each treatment was carried out with two different sets of molecules (nitrate/pyruvate/alanine, versus nitrate/a-ketoglutarate/gluta-
mate) yielding two different total C concentrations (300 uM vs. 500 uM respectively) and two different C:N ratios (Sc.n=3 mol:mol
vs. 5 mol:mol). N and C concentrations at the start of the experiment are indicated between parentheses

@ Springer
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take part in the same metabolic pathway within the
bacteria. In order to test different substrate C:N ratios,
we used two different amino acids: L-alanine and glu-
tamate (Table 1). We chose pyruvate as the C-only
substrate associated to alanine, and a-ketoglutarate as
the C-only substrate associated to glutamate. All four
molecules are substrates to the alanine-aminotrans-
ferase, an enzyme that is central to the metabolism of
amino acids in most organisms (Mehta et al. 1993).
The concentrations of C-only substrates added in
the DIN/DOC and COMBINED treatments were
calculated so as to yield the same concentration as
in the corresponding DON treatment (Table 1). In
total, we set 6 different treatments in the experiment,
three with a C:N ratio of 3, containing combinations
of nitrate, pyruvate and L-alanine, and three with a
C:N ratio of 5, containing combinations of nitrate,
a-ketoglutarate and glutamate (Table 1). Each treat-
ment was replicated 4 times. Finally, we incubated 8
non-inoculated control bottles in parallel, containing
COMBO medium, without any organic C substrate,
in order to test for potential N losses and contamina-
tions. The total number of bottles in the experiments
was thus 32.

Bacteria were inoculated on day O and the bottles
were closed by autoclaved cellulose stoppers that
prevented bacterial contamination but enabled gase-
ous exchange. Cultures were maintained for 8 days at
18 °C and under al6:8 light:dark cycle at 120 pmol
photon m~2 s~! light intensity. We sampled all bottles
every second day to determine the abundance of bac-
teria. Chemical analyses were performed at the begin-
ning and at the end of the experiment.

Sampled variables
Bacterial abundance

Samples for bacterial abundance (BA) were taken
at the start and end of the experiment, and every
other day. 2 ml were preserved with 0.1% glutaral-
dehyde (final concentration) and immediately stored
at —80 °C. The bacterial abundance was later meas-
ured with a FACSVerse™ flow cytometer (BD Bio-
sciences) equipped with a 488 nm laser (20 mW
output) and a 640 nm laser (output 40 mW). Frozen
samples were quickly thawed in a 30 °C water bath
and stained with SYBR Green I (Invitrogen) to a final
concentration of 1:10 000 (Marie et al. 2005). The

samples were run at a flow rate of 40 pl min~! during
1 min. When necessary, samples were diluted with
sterile culture medium to avoid coincidence. Micro-
spheres of 1 pm (Fluoresbrite plain YG, Polysciences)
were added to the samples as internal standard. For-
ward light scatter (FSC), side light scatter (SSC) and
green fluorescence from SYBR Green I (527+15)
were used to discrimination bacteria.

Water chemistry and stoichiometry of bacteria

TDN, DOC, and DIN were determined at the begin-
ning and at the end of the experiment. All the samples
for the dissolved nutrients analyses were pre-filtered
through 0.2 um Filtropur syringe filters. For DOC and
TDN analyses, samples were acidified with 1 ml of
a 2 M HCI solution. Then samples were analyzed by
using an infrared gas analyzer (HACH IL-550 DOC-
TDN). For DIN (NO;~ and NH,*), samples were
analyzed with an automated flow injection analyzer
(FIAstar 5000, FOSS, Hillergd, Denmark). The ele-
mental composition (C and N) of bacteria was deter-
mined at the beginning and the end of the experiment.
Water from each treatment was filtered onto a pre-
combusted and pre-weighted Advantec GF-75 glass
fiber filter (25 mm, 0.3 um pore size). The filters were
pre-combusted at 450 °C in a furnace (Nabertherm
LT 5/11/P33) for 5 h. The filters were weighted to
determine the bacterial dry mass produced during
the experiment. The C and N content of bacteria was
measured with a CHN elementary analyzer (Costech
Elemental Combustion System 4010).

Calculated variables

Based on the data we analyzed from water chemistry
and bacterial stoichiometry, bacterial yield (Y. and
Y\) was calculated as the change in bacterial C or
N content between the end and the beginning of the
experiment:

YC = (Bacteriac)[end] - (BaCteriaC)[start]

Yy = (Bacteriay).,q — (Bacteriay)sar

The C and N consumptions (U- and Uy) were
calculated as the changes in substrate concentration
between the end and the beginning of the experiment.

@ Springer
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First, we estimated DON (dissolved organic nitro-
gen) as equal to TDN from which the dominant forms
of inorganic nitrogen were subtracted:

DON = TDN — (NO,y) — (NH,y)

For C, we estimated consumption U as

UC = (DOCC)[slart] - (DOCC)[end1

Consumption of N was estimated as the drawdown
in the N-containing substrate(s) in each treatment.
Hence, in the DIN/DOC treatments, where the nitrate
was the source of N,

Uy =Upn = (NO3_N)[slart] - (NOS_N)[end]

in the DON treatments, the N was provided entirely
as DON, thus

Uy = Upon = (DON _N)[start] - (DON_N)[end]

Last, in the COMBINE treatments, N was provided
both as nitrate and as DON, thus

Uy = Up + Upon = (NO3=N) g0 = (NO3=N)epq;
+ (DON_N)[start] - (DON_N)[end]

Assuming that processes such as reuptake by bac-
teria, nitrification, and volatilization are negligible,
we calculated gross nitrogen mineralization GNM as
equivalent to ammonium regeneration, and equal to:

GNM = [(NH,=N);¢p) = (NHy=N)jg]

Net nitrogen mineralization (NNM) was calculated
as the balance between gross nitrogen mineralization
and inorganic N consumption, i.e. between ammonium
regeneration and nitrate consumption:

NNM = GNM - Upy = [(NH4_N)[endJ - (NH4_N)[startJ]
- [(NO"$ _N)[starl] - (NO3 _N)[end]]

The bacteria growth efficiency for C and N (BGE
and BGEy) was estimated as the proportion of the con-
sumed C or N that was assimilated in new biomass.

For C, since we did not measure respiration rates, we
used bacterial yield as a measure of net assimilation:

YC
BGEC = U_
C

@ Springer

For N, we estimated net assimilation as N consump-
tion, Uy, minus N lost from bacteria to the medium as
ammonium, GNM:

Uy — GNM
BGEy = ———
N

All the sampled and calculated variables are sum-

marized in Figure S1.

Model predictions

Since C and N consumption (i.e., Us, Uy, Upps
Uppn) and gross nitrogen mineralization GNM can
be directly calculated in our experiment, the C:N con-
sumption ratio can be calculated independently from
the supply ratio Sc.y or Oc.n. Hence, we use the con-
sumption ratio to replace Sc.y (in Eq. 7), and Oy (in
Eq. 9) in order to test the potential negative effect of
assumptions (5) and (10) on the accuracy of ammo-
nium regeneration predictions.

Accordingly, for Eq. (7) we calculated GNM a sec-
ond time as:

1 1

GNM = U¢[ — 7! (12)
C:N C:N
Uc

WhereUC:N = U_

In Eq. (9) we recalculated NNM as

U,
NNM = Ug[—Roy _ _!
UC TC:N

] (13)

Finally, for the DIN/DOC treatment, nitrogen con-

sumption in the model is assumed to be equal to —TU—C
C:N

(see Eq. 11). In that last case, we replaced the
assumed nitrogen consumption by its measured coun-
terpart, yielding:

NNM = -Uy = -Up 14)

Statistical analyses

All statistical analyses and figures were completed
using R (3.5.1). Before statistical analysis on the stoi-
chiometry data of bacteria community, we analyzed
the bacteria abundance of the various treatments. As
there was no bacteria growth in the alanine addition
compared to the control treatment, part of the data we
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collected from the L-alanine treatment (e.g. bacteria
yield, carbon and nitrogen consumption) were very
close to or below the detection limit of instruments
(see Fig. S2). Therefore, we removed all the data
from the alanine treatment to avoid bias in statistical
analyses. We conducted one-way ANOVAs to test for
a significant treatment effect, using each treatment as
a separate level. Differences between treatments were
then tested using Tukey’s post-hoc test in ’Agricola’’
package. All statistical tests used a family-wise sig-
nificance level of 5% (a=0.05).

Results

At the end of our experiment, the bacterial abundance
was very low in the control treatment, which was
expected given the lack of any organic carbon sub-
strate (Fig. 1, Fig. S2).

The other treatments besides DON-3 showed a
significant increase in bacterial abundance at the
end of the experiment, especially in the DON-5
treatment, in which C and N were associated in one
molecular compound, glutamic acid. In both treat-
ments where C and N were supplied in two separate
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Fig. 1 Bacteria abundance response to substrates of different
molecular composition at the end of the experiment. The sub-
strate supply C:N ratio (Sc.y) (0, 3 and 5) is indicated over the
two groups. The mean = se is plotted and different letters indi-
cate statistical differences between treatments (Tukey’s HSD
test, p <0.05)

molecular compounds, DIN/DOC-3 and DIN/DOC-
5, bacterial abundance was around half the abun-
dance in the DON-5 treatment on average (Fig. 1).
In the COMBINED treatments where C and N were
provided both associated in one molecule and dis-
sociated in two molecules, the bacterial commu-
nity reached mean abundance levels intermediate
between the DON and the DIN/DOC treatments,
although the difference with each of these treat-
ments were not statistically significant (Fig. 1).

Although the bacterial ammonium regenera-
tion was minimal in the two DIN/DOC treatments
(Fig. 2a), there was a notable uptake of nitrate at
the end of the experiment in the two treatments
(Fig. 2b). In the COMBINED treatments, bacteria
did both take up nitrate and regenerate ammonium,
resulting in a moderate net consumption of inor-
ganic nitrogen (Fig. 2b).

The bacterial yield C:N ratios (Y.p) were
relatively similar among the various treatments
(Fig. 3c). However, the C and N content of bacteria
appeared to be different across treatments (Fig. 3a,
b). Overall, the DON-5 treatment yielded signifi-
cantly more C and N biomass than other treatments.

Patterns in C and N consumption reflected those
in C and N yields for treatments with a substrate
supply ratio of 5 (Fig. 4). In the treatments with a
supply ratio of 3, bacteria consumed significantly
less C and N than the treatments with a supply ratio
of 5 (Fig. 4a, b). Even though similar yields were
observed among treatments with a supply ratio of
3 (Fig. 3), bacteria in DIN/DOC-3 consumed sig-
nificantly less C and N than in the COMBINED-3
treatment. Despite the large differences in C and
N consumption observed among most treatments,
the ratio of C:N consumption was relatively stable
across treatments, with only DIN/DOC-3 show-
ing significantly lower consumption C:N ratios
(Fig. 4¢).

The lower C consumption observed in the DIN/
DOC-3 treatment was compensated by a higher
bacterial carbon growth efficiency (Fig. 5a), thus
explaining the similar C yields to the COM-
BINED-3 treatment. In all the other treatments, the
bacterial community showed a relatively constant
BGE, at around a value of 0.25 (Fig. 5a). Differ-
ing from the consumption and yield, BGEy showed
clear differences between treatments (Fig. 5b) that
mostly reflected the differences in ammonium
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Fig. 3 Effect of different substrates on a bacterial carbon yield
(Y¢), b bacterial nitrogen yield (Y)), ¢ bacterial C:N ratio in
yield (Yc.y). The substrate supply C:N ratio (Sc.y) (3 and 5)
is indicated over the two groups in each graph. The mean +se

regeneration shown in Fig. la. The DIN/DOC
treatments, where no ammonium regeneration was
found, achieved the highest BGEy, followed by
the COMBINED treatments, where some ammo-
nium was regenerated, and finally by the DON-5
treatment, whose bacteria regenerated the largest
amounts of ammonium.

The simultaneous measurement of Y- and BGE,
allows for the estimation of the net nitrogen miner-
alization threshold, 7., using Eq. (6). We found
very different T, even between treatments with
similar supply ratios Sc.y (Fig. 6). In the DIN/DOC
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is plotted and different letters indicate statistical differences
between treatments (Tukey’s HSD test, p <0.05). NA: missing
data

treatments, the average of 7.y was close to 11. The
other treatments had mean 7, around 22 with the
exception of the COMBINED-3 treatment, whose
mean threshold ratio was the highest (Fig. 6).

Finally, we compared ammonium regeneration
(GNM) that we measured in our experiment with
the predictions from Eqgs. (7) and (12) (Fig. 7a).
The consumption C:N ratio (Uc.y) was a better
parameter to estimate GNM than the substrate C:N
ratio (Sc.y) in Goldman’s model. The predictions
were clearly closer to measurements for the DON
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growth efficiency (BGE) and b bacterial nitrogen growth effi-
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treatment, and for all treatments when Ug, was
used instead of Sy in Eq. (7). However, even using
Uc.n» the predicted GNM in the COMBINED treat-
ments was still far from measurement. This suggests
that for the dual N substrates, none of the estimates
were good enough for predicting GNM accurately
On the other hand, the comparison between meas-
ured net mineralization (NNM) and the predic-
tions by using Eqgs. (9) and (13) showed that the

is plotted and different letters indicate statistical differences
between treatments (Tukey’s HSD test, p <0.05). NA: missing
data

predictions using consumption ratio were not
always more accurate (Fig. 7b). Equation (13) cor-
rectly predicted NNM in both DIN/DOC and DON
treatments, but not for the COMBINED treatment.

Discussion

Our experiment shows that, beyond elemental stoi-
chiometry, the molecular composition of bacterial
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substrates plays a major role in both ammonium
regeneration and net nitrogen mineralization. Grow-
ing on substrates with different molecular composi-
tion but with similar C:N ratios (S¢.y), bacterial com-
munities showed significantly different gross and net
nitrogen mineralization. Therefore, we conclude that

using Sc.y to predict bacterial GNM may in many
cases not suffice. Actually, we found that using the
stoichiometric consumption ratio, Uc., instead of
Sc.n» improved the predictions significantly.

Of the different properties that define molecular
composition beside stoichiometry, we focus on the
level of association between C and N in the substrate
molecules, as it is the property that we manipulated in
our experiment. Indeed, in the DIN/DOC treatments,
we had C and N fully dissociated, with substrate N
contained in nitrate, and substrate C in keto-acid
(pyruvate or a-ketoglutarate). Because we selected
substrates with low C:N ratios (3 and 5 respectively),
the application of Eq. (7) to these treatments predicts
significant ammonium regeneration in the DIN/DOC
treatments. Our use of nitrate as the inorganic sub-
strate, rather than ammonium (as in most previous
similar experiments, e.g., Goldman et al. 1987; Gold-
man and Dennett 1991, 2000), allowed us to detect
that there were no or very little ammonium regenera-
tion in these treatments (Figs. 1a and 7a). Thus, our
results suggest that bacteria balanced their relative
assimilation of C and N to their needs entirely by
adjusting their C and N consumption and not through
the excretion of ammonium. Hence, in cases where N
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A B
GNM predicted by Scn ) NNM predicted by Ocw
0.10 0.10 -
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Fig. 7 Measured a ammonium regeneration (GNM) and b net
nitrogen mineralization (NNM) for all treatments compared
to the corresponding GNM and NNM predicted from Egs. (7)
and (9) using substrate C:N ratio and measured consumption
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and C are fully dissociated, we expect no significant
ammonium regeneration, unlike what Eq. (7) pre-
dicts, at least under conditions of no senescence.

Secondly, in the COMBINED treatments, we
manipulated the C and N association in a different
way, using a mixture of inorganic (N-only substrates)
and organic substrates (both C-only and C-and-N-
containing substrates). In these treatments, bacteria
may actively choose different form of substrates that
they need to balance their consumption of C and N.
As a result, the consumption C: N ratio does not fully
reflect the substrate C: N ratio. This explains why
Eq. (7) is therefore more effective when using Ug.y
instead of Sq. (Fig. 7). However, because a substan-
tial fraction of C is linked to N in amino acids, bacte-
ria do not take up N independently from C, and thus
need to excrete the excess of N taken up as ammo-
nium (Fig. 1).

When it comes to DON treatments, results were,
at first sight, unexpected. First, bacteria did not grow
in any substantial way in the DON-3 treatment. In
this treatment, L-alanine was used as the C and N
substrates. Hence, we are drawn to conclude that our
bacterial community could not grow on L-alanine as
its only organic substrate, although previous research-
ers have grown bacterial strains on this substrate
(Franklin and Venables 1976; Goldman et al. 1987).
It seems that high concentrations of L-alanine may be
toxic for some bacteria as found by Kim et al. (2015),
while other bacteria have the necessary enzymes to
use the amino-acid for growth (Coudert 1975). An
alternative explanation could be that growing on
amino acids requires deamination in order to use the
carbon backbone for respiration or further cell build-
ing. Among the enzymes involved in deamination are
the amino-acid oxidases, which produce hydrogen
peroxide in stoichiometric amounts to the amino-
acids oxidized (Hossain et al. 2014). Hydrogen per-
oxide is known to be highly toxic to bacterial cells
without catalase (the enzyme that detoxifies hydrogen
peroxide), to the point that some amino-acid oxidases
can be used as anti-microbial compounds (Hossain
et al. 2014). One hypothesis we put forward is that,
because alanine has a very low C:N ratio (3), bacte-
ria need to deaminate a substantial proportion of the
alanine they assimilate (at least 80% if we assume a
BGE of 20%). This process should generate a lot of
hydrogen peroxide (at least one molecule for every 3
C atom respired) and thus be toxic to most, but not

all, bacterial strains (Goldman et al. 1987). In the
DON-5 treatment, our bacterial community managed
to grow well on glutamate, an amino acid with a C:N
ratio of 5. Since C and N were completely associ-
ated in the amino-acid, one would expect Ug.y to be
equal to S¢.y in this treatment. But our results showed
that Eq. (12)—when U¢.y was used—still performed
better than Eq. (7) that used S¢.y (Fig. 7). Again, we
hypothesize that the deamination process is critical to
understand this result. Some of the bacterial L-Amino
acid oxidases needed for this process are extracellu-
lar (Hossain et al. 2014). Thus, it is likely that a frac-
tion of the C and N in this treatment was dissociated
already outside of the cells, allowing for the partial
adjustment of U.y to the needs of the bacteria. Over-
all, in the COMBINED and DON treatments, the con-
sumption C:N ratio, Uc.y, Was a better predictor of
GNM than S, which likely reflects that the partial
dissociation of C and N in the substrate allows for an
adjustment of relative C and N consumption.

An additional mechanism may be invoked to fur-
ther explain the discrepancy between consumption-
based and substrate-based predictions of GNM. Most
of our non-control cultures seemed to have reached
the stationary phase at the time when the final sam-
pling was done. Bacteria at this stage are likely to
reuse organic compounds that they excreted during
the preceding exponential phase (Wanner and Egli
1990). These compounds are likely to have C:N ratios
that differ from the initial substrate C:N ratio. This
recycling of DOC hence further decouples N miner-
alization from the Sy

We measured other parameters in Eq. (7)
besides Ug.y, which are important in determining
ammonium regeneration. Tc.y the stoichiomet-
ric net mineralization threshold, marks the limit
between the Uq.y values that result in net immo-
bilization from those that result in net mineraliza-
tion. As described in Eq. (6), Ty is determined
by both Y.\, the bacterial biomass C:N ratio, and
BGE_(, the bacterial growth efficiency for C. In our
experiment, we found that Y. was relatively stable
among treatments as was found in many studies in
which bacteria were grown on substrates with low
C:N ratios (Mooshammer et al. 2014). Other stud-
ies, however, found that bacteria had more variable
biomass C:N ratios when grown on substrates with
high C:N ratios (Stenzel et al. 2017). By using only
two substrate C:N ratios (3 and 5) our experiment
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might thus have missed some regulatory mecha-
nisms besides the adjustment of relative C and N
consumptions, which may affect GNM under con-
ditions of high C:N supply ratios. BGE was also
relatively constant across treatments. The observed
values were around a value of 0.25, which is typi-
cal of bacteria growing under good conditions (Del
Giorgio and Cole 1998), with one notable excep-
tion: bacteria growing in the DIN/DOC-3 treat-
ment, i.e., growing on pyruvate, showed elevated
efficiency, around 0.75. This is no surprise, given
the central role of pyruvate in bacterial metabolism
(Cook 1930). Also, when C and N are not associ-
ated in one molecule, such as in DIN/DOC-3, the
degree of freedom in adjusting the relative con-
sumption of C and N decreases the chance of taking
up C in excess, which increases the carbon growth
efficiency (Diner et al. 2016). Hence, BGE, and by
extension 7.y, depends like GNM on the molecu-
lar composition of the substrate and on the degree
of association between N and C, via the possibility
for bacteria to adjust their relative consumption of
Cand N.

Conclusion

The purpose of this study was in part to test a
widely used stoichiometric model of ammonium
regeneration by heterotrophic bacteria, by vary-
ing the molecular composition of the supplied sub-
strates, and to propose its revision so as to reach
better predictions. We found that, whenever possi-
ble, measuring the actual consumption C: N ratio
is crucial. Natural aquatic ecosystems are likely to
show even higher degrees of substrate heterogene-
ity than in our experiment. Hence, it is all the more
important to try to estimate the degree of associa-
tion between C and N in natural systems of inter-
est. It is still very difficult to characterize DOM
composition precisely, but Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry (FT-ICR
MS) or Orbitrap is a promising method that provide
information on C bonds to other elements such as
O, H and N (Koch et al. 2005; Simon et al. 2018).
Conceptually, the possibility for bacteria to fulfill
their stoichiometric needs by adjusting their rela-
tive consumption of C and N means that bacteria
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are less likely to affect the availability of inorganic
N via ammonium regeneration than is predicted
by models which base their estimates on Eq. (7).
Hence, the role of bacteria in indirectly control-
ling the nutrient-limited growth of phytoplankton
by shifting from immobilization in their biomass to
mineralization as a function of their substrate C:N
ratio, might be less important than assumed.
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