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and Long 2020). Increasing concentration of atmospheric 
CO2 could boost C3 photosynthesis rates, which in turn 
could lead to an increased demand for plant nutrients (Ter-
rer et al. 2018; Ainsworth and Long 2020). Among these 
nutrients, special consideration should be given to nitrogen 
(N), whose stocks and mineralization rates strongly depend 
on soil organic matter (SOM) dynamics (Jilling et al. 2018; 
Henneron et al. 2020; Gan et al. 2022). Some studies have 
stressed that root exudates may accelerate the mobiliza-
tion and the mineralization of SOM (Keiluweit et al. 2015), 
whereas other studies have emphasized the central role of 
root exudates among the major precursors driving SOM for-
mation (Sokol and Bradford 2018). Therefore, considering 
the mineralization or formation of soil C pools is important.

Several strategies can be deployed by plants to over-
come short- or long-term limitations in soil nutrient avail-
ability. For instance, under limited N supply plants may 
increase belowground C allocation, boost fine root biomass 

Introduction

Emerging scientific evidence has drawn worldwide attention 
to the relevance of root exudation on soil respiration, partic-
ularly in a scenario of global rise in atmospheric CO2 (Hei-
mann and Reichstein 2008; Jilling et al. 2018; Ainsworth 
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Abstract
Emerging scientific evidence has shown that root exudates may trigger the mobilization of soil organic matter (SOM), 
particularly under nutrient limitation. However, the role of changes in root morphology, metabolism, exudation, and their 
impact on rhizospheric properties and SOM remain poorly known. To address this issue, we conducted a rhizobox experi-
ment for 50 days in which pre-grown eucalypt plants (120 days-old) were supplied with nutrient solutions providing either 
limited (0.0 mg L− 1) or normal N supply (196.0 mg L− 1). After 48 days, we used a 13CO2 pulse labeling to track the 
impact of N limitation on C translocation to roots and soil respiration. After the 50th day, we assessed root morphology 
and metabolism, rhizospheric pH, mineral crystallinity, C and N contents, and the molecular composition of SOM. Under 
N limitation, eucalypt plants showed reduced photosynthesis, increased their root-to-shoot ratio and root branching, with 
organic acids prevailing among root metabolites. Overall, N-limited eucalypt plants led to a cascading of changes in the 
rhizosphere: increased concentrations of recently fixed 13C-CO2, citrate, and N-bearing compounds, whereas soil pH and 
Fe-bound SOM decreased. These results were not followed by significant changes in microbial biomass, neither fungi: 
bacteria nor Gram-positive: Gram-negative ratios. Our results show that under N limitation, eucalypt roots exhibited a 
cascade of morpho-physiological adjustments that ultimately increased the mobilization of some SOM pools. Therefore, 
the combined impacts of those root morpho-physiological traits on the mobilization of SOM may reduce the overall soil 
C sink of eucalypt forests under N limitation.
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production and augment exudation rates (Chen et al. 2010; 
Phillips et al. 2011; Meier et al. 2020; Sun et al. 2021). These 
adjustments can occur in tandem with increasing branch-
ing and root specific length, both of which could increase 
the soil volume to be explored (Liese et al. 2017; Meier et 
al. 2020). Therefore, roots morpho-physiological changes 
could reflect an intensification of “nutrient foraging”, whose 
impacts on SOM mobilization and/or mineralization remain 
uncertain. Moreover, owing to the spatiotemporal complex-
ity of rhizospheric processes, most studies consider only 
total plant C allocation belowground under nutrient limi-
tation, with less consideration given to variations in root 
morphology or exudate chemistry (Högberg et al. 2001; 
Wenzel et al. 2001). Hence, constraining how root morpho-
physiology may be adjusted by plants growing under lim-
ited N availability as well as their overall impacts in the 
rhizosphere.

Changes in root morpho-physiological traits are often 
linked to increased microbial growth and enzyme activity in 
the rhizosphere (Phillips et al. 2011). As such, root exudation 
could provide energy (e.g., sugar) to stimulate soil microbes 
that in turn would mobilize and degrade SOM as typically 
referred to as ‘rhizospheric priming’ effects (Grayston et al. 
1997; Kuzyakov et al. 2000; Meier et al. 2017). Another 
proposed mechanism for SOM mobilization by exudates is 
the release of chelating organic acids (e.g., oxalate) that are 
able to disrupt mineral-organic associations (Keiluweit et 
al. 2015). Nonetheless, the role of these processes in soil 
under plants growing limited by soil N availability remains 
unclear. It remains poorly understood whether plants grow-
ing under limited N supply could alter the chemical compo-
sition of their exudates specifically to stimulate microbial 
activity or whether changes in exudate chemistry are simply 
a consequence of plant metabolism under N limitation.

The main objective of this study was to evaluate the 
effect of N supply level on the mobilization of SOM by 
investigating (i) root morphological traits and exudates, (ii) 
changes in soils properties (i.e., pH, total C and N contents, 
concentration of organic acids in the soil solution, and soil 
respiration), and finally (iii) changes in the molecular com-
position of SOM and rhizospheric main microbial groups. 
To achieve these goals, we cultivated pre-grown (120 days-
old) eucalypt plants in a controlled experiment for 50 days.

Materials and methods

Soil sampling and experimental set-up

For this study, soil was sampled in an area that had been cul-
tivated with a tropical grass species (Brachiaria decumbens 
(Trin.) Griseb.) over the last 20 years in Paula Cândido, 

Minas Gerais – Brazil (20° 52’ S, 42° 58’ E). After sam-
pling, the soil was air-dried and sieved in a 2-mm mesh 
screen; it is a Haplic Ferralsol (IUSS Working Group WRB 
2015) with loamy texture, pHH2O of 5.24, total organic C 
(TOC) and total N (TN) contents about 25.4 and 1.4 g kg–1 
soil, respectively (C: N about 18:1). Our experimental units 
consisted of a rhizobox system designed by Wenzel et al. 
(2001), modified to include a CO2 sampler (Supplementary 
Figure S1). This system included two physically separated 
vertical compartments: an upper compartment containing 
washed sand (> 0.05 mm < 2 mm) in which the plants were 
cultivated and a lower compartment containing 189.0 g of 
dry soil (bulk density about 1.2 g cm− 3). We also adjusted 
and kept the moisture content fixed at 200.0 mg g− 1 soil, 
equivalent to 70.0% of the water holding capacity (0.342 
cm3 cm− 3). By using the rhizobox system we could control 
the supply of nutrients to the plants without adding nutrients 
directly to the soil. The upper compartment had a narrow 
slit on its bottom, through which the roots could penetrate 
the lower compartment. Within the lower compartment, the 
contact between the roots and the soil was limited by a nylon 
membrane with a pore size of 5.0 μm (Tegape, Brazil). The 
lower compartment also had a soil-air probe, which con-
sisted of a coiled silicone rubber tube about 20.0 cm long, 
with a 5.0 mm internal diameter connected to a 15.0 cm cop-
per tube that crossed through and projected out of the upper 
compartment (Kammann et al. 2001). We kept the tube 
assembled closed by a three-way stopcock that was only 
opened during the sampling of the soil air within the lower 
compartment of the rhizobox (Supplementary Figure S2).

Plant growth experiment

Our experiment was arranged according to a complete fac-
torial scheme including the following two factors: The first 
factor was the plant effect, thus the rhizoboxes were assem-
bled either without plants (-Plant) or with plants (+ Plant); 
The second factor was N fertilization, for which we used 
an incomplete modified Clark’s solution (Clark 1982) with-
out N (-N) or with N (+ N) supply by a nutrient solution 
containing a N concentration of 7.0 mmol L− 1 (i.e., 196.0 
mg L− 1) with 50% as NO3

− and 50% as NH4
+ as shown 

in Supplementary Table S1. These nutrient solutions were 
kept in plastic vessels and applied through capillarity into 
the upper compartment using the glass fiber wicks. In total, 
we had 12 experimental units with three replicates.

The experimental units were incubated in a growth 
chamber to control the photon flux (~ 340.0 µmol cm–2), 
temperature (25 °C) and air humidity (60%). In the upper 
compartment, we planted clonal seedlings of a eucalypt 
hybrid (Eucalyptus grandis W. Hill ex Maiden) x Euca-
lyptus urophylla S. T. Blake), approximately 120 days old. 
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During the first 20 days after planting, all roots remained 
in the upper compartment of the rhizobox. Each rhizobox 
was wrapped up in aluminum foil and subsequently placed 
inside a 30.0 L black polyethylene box to avoid light distur-
bance to the roots and to prevent algae/moss growing within 
the rhizosphere. We grew the plants for 30 days after the 
roots started to penetrate in the lower compartment, totaling 
50 days after planting until the end of the experiment.

After the 48th day of the plant growth, we placed all 
intact rhizoboxes into an acrylic chamber (448 dm3 volume) 
and submitted to a pulse-labeling with 13C-CO2 by dissolv-
ing 13C-CO3 with a diluted solution of HCl (Machado et 
al. 2011). In total, the duration of the isotope labeling was 
16 h. At the end of the following day (i.e., 50th day after 
the experiment began), the SPAD index of mature leaves 
was measured using a Chlorophyll meter SPAD-502Plus 
(Konica Minolta – Japan). Samples of the soil air were 
taken through the soil-air probe (Supplementary Figure 
S2) using a 5-mL syringe and transferred into previously 
evacuated 12-mL vials, and analyzed for CO2 concentration 
and their 13C/12C ratio relative to the Vienna-Pee-Dee Bel-
emnite (PDB) internal standard by an Isotopic Ratio Mass 
Spectrometer- IRMS (ANCA-GSL, 20–20, Sercon, Crewe, 
UK). Subsequently, we took pictures of the root mat formed 
within the lower compartment before harvesting the plants.

Upon harvesting, the roots grown in the lower compart-
ment were immediately freeze-dried under N2 and kept in 
an ultra-freezer at − 80 °C until further analysis. Finally, the 
rhizoboxes were opened and the soil moisture was measured 
by a sensor (EC-5, Decagon, Pullman, WA). Afterwards, the 
soil within the lower compartment was sectioned in three 
distances parallel to the root mat (0–3  mm, 3–6  mm and 
6–15 mm) with a microtome (Fitz et al. 2003). These sam-
ples were further split; the soil solution was extracted from 
one subsample through centrifugation according to Pérez et 
al. (2002); the other soil subsample was freeze-dried and 
stored until further analysis. The shoot material was col-
lected and separated into ‘old’ and ‘new’ tissues reflecting 
plant materials grown before and after the beginning of the 
experiment, respectively. These tissues were dried under 
forced air circulation at 65 ± 2 °C, weighed, milled, and kept 
in airtight boxes at 4 °C until further analysis. Total C, N, 
and isotopic content of the plant tissues were analyzed by 
the IRMS as described above.

Chemical analyses

The extracted soil solution was freeze-dried, solubilized 
with 1.0 mL of ultra-pure water and filtered through a 
0.45  μm membrane. An aliquot (0.5 mL) was diluted up 
to 2.0 mL with ultra-pure water and analyzed for citric and 
oxalic acids by ion exchange chromatography (Silva et al. 

2004). The pH of the freeze-dried soil samples was analyzed 
in water according to Pansu and Gautheyrou (2006). SOM 
fractions were obtained through a physical fractionation 
(Cambardella and Elliott 1992), by dispersing 3.0 g of soil 
in a sodium hexametaphosphate solution (1.0 g L–1) using 
a soil: solution ratio of 1:3. The soil slurry obtained was 
wet-sieved using 53-µm mesh screen to obtain SOM with 
particle-size higher and smaller than 53 μm. Hereafter, we 
refer to the SOM in the particle-size fraction < 53  μm as 
mineral-associated organic matter (MAOM) (Lavallee et al. 
2018). These two particle-size fractions were dried under 
forced air circulation at 50  °C and kept in airtight boxes 
at 4 °C until further analysis. We determined TOC and TN 
contents and their respective 13C/12C and 15N/14N ratios of 
the MAOM fraction using the IRMS described above. We 
also assessed changes in short-range-order (SRO) minerals 
and organic bound Fe and Al oxyhydroxides in the MAOM 
fraction according to Pansu and Gautheyrou (2006) by using 
oxalate and pyrophosphate extractions, respectively. After 
these extractions, we used atomic absorption spectrometry 
(Agilent Technologies 200 Series AA Model 240 FS, Santa 
Clara, CA, USA) to determine the concentration of Al and 
Fe released from the samples (Shang and Zelazny 2015).

Root analyses

We used the Gia Roots software to evaluate the pictures of 
the roots (Galkovskyi et al. 2012). In this procedure, the 
cropping tool of the software selected the areas of roots and 
the scale was manually defined. We chose all parameters 
used in root identification for each photo individually using 
the double adaptive image thresholding to include (i) the 
average root diameter, (ii) the root area, (iii) the root length, 
(iv) the surface area and (v) the specific root length. The 
composition of metabolites produced by the roots grown in 
the lower compartment was determined following a chro-
matographic method as proposed by Lisec et al. (2006). 
Briefly, 100.0  mg of the root tissues frozen under liquid 
nitrogen were immediately frozen-grinded and extracted 
with 1.4 mL of methanol. For quantification, we used 60.0 
µL of internal standard (0.2  mg ribitol mL–1 water). This 
mixture (root extract and internal standard) was mixed vig-
orously with 1.4 mL of water for 15 min at 70 °C. We added 
750.0 µL of chloroform to the mixture to separate polar and 
nonpolar metabolites. All compounds were identified by 
their mass spectra and their retention time index was com-
pared to the mass spectral collection of the NIST11 data-
base. Quantitative analyses were based on the peak height 
values of the recorded mass feature and calculated for the 
dry weight of each subsample and by the response of the 
internal standard from each respective GC-MS chromato-
gram to obtain normalized results.
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assessed by considering variations in the main peaks using 
Lorentzian functions and assessing their centroid and width.

Phospholipid fatty acids (PLFA) analysis

Phospholipids fatty acids were determined in each of the 
three soil layers (0–3 mm, 3–6 mm and 6–15 mm). Upon 
their collection, samples were immediately stored in con-
tainers at − 80 °C. We extracted and separated the PLFAs 
according to the procedure described by Butler et al. (2003) 
and we profiled main microbial groups as described by Will-
ers et al. (2015) and Tavi et al. (2013). We assigned Gram-
positive bacterial biomass to the fatty acids i15:0, a15:0, 
i16:0, and i17:0; Gram-negative bacteria using the fatty 
acids cy17:0 and cy19:0 (Joergensen 2022). We calculated 
total bacterial PLFAs by summing gram-positive and gram-
negative bacterial fatty acids as well as of the fatty acid 
16:1ω7 (Frostegård et al. 1993; Joergensen 2022). Fungal 
biomass included both saprotrophic fungi and ectomycor-
rhizal biomass and we used the fatty acids 18:2ω6 (Federle 
et al. 1990; Joergensen 2022).

Statistical analysis

We tested the assumptions for normality and homogeneity of 
variances by using Kolmogoroff-Smirnoff test and Levene’s 
test, respectively. Total aboveground biomass production, 
root dry matter yield, root traits and soil CO2 concentrations 
were tested using a F-test (p < 0.05). Changes in soil physi-
cochemical properties as a function of the distance from the 
root plane were tested using a two-way ANOVA followed 
by Dunnett-test (p < 0.05). These analyses were performed 
using the STATISTICA software (Statsoft Inc.).

Results

Changes in plant growth and metabolism in 
response to N availability

Generally, the plants grown under N limitation showed the 
leaf SPAD index of 27.3, approximately 33.9% lower than 
those receiving normal N supply plants (p < 0.05; Table 1). 
N-deficient plants also produced almost 41.0% less shoot 
biomass, although both N-limited and N-supplied plants 

Changes in organic matter and minerals in soil 
samples from different distances of the rhizoplane

We determined changes in the molecular chemistry of the 
organic compounds within the MAOM fraction by using off-
line tetramethyl ammonium hydroxide (TMAH) mediated 
by thermochemolysis (Del Rio et al. 1998). All TMAH-ther-
mochemolysis products were analyzed by gas chromatogra-
phy-mass spectrometry in a Shimadzu QP 2010-SE GC-MS 
equipped with a Rtx – 5MS column (30 m length; 0.25 mm 
ID; 0.25 μm film thickness), using ultra-pure He as the car-
rier gas at a flow rate of 3 mL min–1, the temperature of 
the ion source was set to 200  °C, the temperature of the 
interface was set to 290 °C and oven temperature increased 
from 60 up to 300 °C at a rate of 15 °C min–1. We identified 
all eluted compounds in the chromatograms using the NIST 
2011 mass spectral library and standard compounds.

To assess changes in crystalline soil minerals during the 
plant growth phase and evaluate changes in the composition 
of SOM through its thermal degradation, we used synchro-
tron X-ray diffraction (XRD) analysis coupled to evolved gas 
analysis by mass spectrometry (EGA-MS) at the XPD-10B 
beamline (Ferreira et al. 2006) of the Brazilian Synchrotron 
Light Laboratory (LNLS). Briefly, 100.0 mg of the MAOM 
fraction of each treatment (soil layers from 0 to 3 mm and 
3–6 mm distances from the rhizoplane) were heated from 
room temperature up to 500 °C, while XRD data was col-
lected by coupling an “Anton Paar XRK900” furnace to the 
beam end station and heating the sample, under an air flow 
of 150 mL–1 min (80% He, 20% O2) at a heating rate of 
5.0 °C min–1. During the heating period we collected XRD 
patterns between 10 and 50 °2θ. Simultaneously, all gases 
evolved from the samples were collected and analyzed by a 
coupled mass spectrometer (QMA 200 – Pfeiffer-Vacuum) 
for ions with m/z 17 and 18 (OH and H2O), 27 (HCN), 28 
(CO), 30 (NO), 44 (CO2 and N2O) and 46 (NO2).

We used the software Peakfit® to analyze the EGA-MS 
data for H2O and CO2 by adjusting modified Gaussian func-
tions for signal deconvolution and area calculation. Our 
XRD data was analyzed using the Fytik 0.9.8, with an ini-
tial polynomial background subtraction applied to the dif-
fraction patterns, and the subsequent identification of the 
main recorded peaks. Changes in the crystalline structure 
of iron and aluminum (hydr)oxides and clay minerals were 

Table 1  Leaf-SPAD Index, new shoot and root dry matter yield and root: shoot ratio of Eucalypt seedlings as affected by N supply
Parameter N supply via nutrient solution (196.0 mg L− 1) N supply via nutrient solution (0.0 mg L− 1)

Shoot Root Shoot Root
Leaf-SPAD Index 41.33 ± 1.76 a - 27.33 ± 1.20 b -
Dry mass (g) 2.01 ± 0.14 a 0.42 ± 0.04 A 1.19 ± 0.04 b 0.41 ± 0.02 A
Root: Shoot 0.21 ± 0.02 b 0.35 ± 0.05 a
Values are means ± standard error (n = 3). Means followed by the same letter do not differ at p < 0.05 (F-test)
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and tyrosine) and amines (e.g., phenylethanolamine, etha-
nolamine) were considerably reduced under N limitation 
(Fig. 1). In addition, plants growing without N addition also 
showed less sugars (e.g., maltose, fructose, cellobiose, gly-
ceric acid) than those receiving normal N supply. Curiously, 
the only N-bearing compounds that increased under N limi-
tation were phenylalanine and hydroxylamine. In contrast, 
N limitation favored the synthesis/accumulation of many 
low-molecular weight organic acids (e.g., citric, oxalic, 
malic) (Fig.  1), all of which were much less abundant in 
roots grown under normal N supply.

We did not observe significant differences among the 
treatments neither for the measurements of CO2 concentra-
tion nor the δ13C-CO2 by the end of the plant growth experi-
ment (Fig. 2).

On average, the CO2 concentration of the control plots 
without plant and no N supply (-Plant -N) was about 857.9 
mg L–1 and about 1,133.0 mg L–1 for those without plants 
receiving normal N supply (-Plant + N, Fig. 2A). Generally, 
the averaged CO2 concentration reached 1,241.0 mg L–1 in 
the treatment with plants without N fertilization (+ Plant 
-N), whereas for the N-supplied counterpart (+ Plant + N) 
this average was about 944.2 mg L–1 (Fig.  2A). Further-
more, the isotopic signature of the CO2 released in these 
respective treatments was approximately + 700.0 and 
+ 300.0‰ (Fig. 2B). This data shows a relatively short time-
frame between the incorporation of 13C in photosynthesis, 
the transfer of 13C-labeled products to roots and their release 
as 13CO2.

Changes in properties of the soil samples from 
different distances of the rhizoplane

By moving along the three distances from the rhizoplane 
(i.e., 0–3 mm) towards the bulk soil volume (i.e., 3–6, and 
6–15 mm), some soil chemical and physicochemical proper-
ties significantly changed due to the presence of the plants 
and the differential N supply (Fig. 3). The total organic C 
content of the MAOM fraction decreased in the 0–3 mm dis-
tance from the rhizoplane in the presence of plants (p < 0.05; 
Fig. 3). In contrast, the N content of the MAOM fraction of 
the treatment under N limitation increased about 5.0% rela-
tive to the control without plants receiving normal N sup-
ply (p < 0.05; Fig. 3). Instead, there was a decrease in the N 

showed similar total root biomass (0.41  g and 0.42  g, 
respectively). As a result, the root: shoot ratio was 0.35 
for N-deficient and 0.21 for N-supplied plants (p < 0.05; 
Table  1). Under N limitation, the roots exhibited several 
morphological changes (Supplementary Figure S3), which 
led to higher root length and specific surface area (p < 0.05) 
and comparatively lower root diameter (p < 0.087) than the 
plants receiving normal N supply (Table 2).

As expected, both old and new shoot tissues of the plants 
grown under normal N supply showed higher N content 
and lower C: N ratios than those submitted to N limitation 
(p < 0.05; Table 3). Both old and new shoot tissues grown 
under normal N supply showed N contents about 3.3 and 4.2 
times higher than those under N limitation (p < 0.05). Con-
sequently, the C: N ratios of old and new shoot tissues under 
normal N supply were approximately 35 and 27:1, respec-
tively. In contrast, these respective C: N ratios were 117 
and 118:1 for the plants grown under N limitation (p < 0.05; 
Table 3). Unlike shoot tissues, neither the total N content 
nor the C: N ratios of the roots were significantly affected 
by the differential N supply (p > 0.05; Table 3). As such, the 
respective C: N ratios of old and new shoot tissues were 
about 3.4 and 4.4 higher under N limitation as compared to 
their N-supplied counterparts. For roots under N limitation, 
their C: N ratio was only about 1.5 higher than those grown 
under normal N supply (Table 3).

Our results suggest that the influence of N availability 
on root morphology (Tables 1 and 2, Supplementary Figure 
S3) and affected the total N contents of the plant tissues and 
their C: N ratios (Table 3) likely influencing the overall root 
metabolism (Fig. 1).

Accordingly, the relative abundance of amino acids 
(e.g., proline, leucine, glutamine, threonine, asparagine, 

Table 2  Root traits estimated at the end of the experimental period for 
eucalypt plants grown under distinct N-supply computed by the Gia 
Roots Software
Root traits N supply via 

nutrient solu-
tion (196.0 mg 
L− 1)

N supply via 
nutrient solu-
tion (0.0 mg 
L− 1)

p-value

Average diameter (mm) 3.77 A 2.84 A 0.087
Root length (cm) 900.64 B 1814.34 A 0.049
Root surface area (cm2) 94.36 B 178.69 A 0.031
Values are means (n = 3). Means followed by the same letter do not 
differ at p < 0.05 (F-test)

Table 3  Total C and N content, and C: N ratios of shoot (old and new) and roots tissues of N-supplied and N-deficient eucalyptus seedlings. The 
letters compare the differences in mean C and N contents and C: N ratio between N supplied and N deficient plant shoot (old and new) and roots
N supply level N supply via nutrient solution (196.0 mg L− 1) N supply via nutrient solution (0.0 mg L− 1)
Tissue C, g kg–1 N, g kg–1 C: N C, g kg–1 N, g kg–1 C: N
Old shoot 424.6 A 12.4 A 34.7 B 439.3 A 3.8 B 116.9 A
New Shoot 426.7 A 16.1 A 26.6 B 449.0 A 3.8 B 118.0 A
Roots 408.5 A 10.6 A 44.0 A 415.0 A 6.2 A 68.5 A
Values are means (n = 3). Means followed by the same letter do not differ at p < 0.05 (F-test)
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marked increase in the concentration of citrate in the soil 
solution (between 60 and 200%) over the entire 0–15 mm 
distance from the rhizoplane relative to the control without 
plants (p < 0.05; Fig. 3). Likewise, the pH of the soil solu-
tion also decreased about − 0.5 units across the entire dis-
tance from the rhizoplane (0–15 mm) of the plants under N 
limitation (p < 0.05; Fig. 3). For the plants receiving normal 
N supply, the pH of the soil solution decreased only within 
the first 3 mm from the rhizoplane (Fig. 3). Moreover, the 
increase in citrate in the soil solution mirrored a significant 
13C enrichment of the MAOM fraction for the distance 

content of about 7.0% in the treatment receiving normal N 
supply within the 0–3 mm distance from the rhizoplane rela-
tive to the control without plants receiving normal N supply 
(p < 0.05; Fig. 3). These changes in C and N contents were 
followed by a significant reduction in the oxalate-extract-
able Fe, but only for the plants grown under N limitation 
(p < 0.05, Fig. 3).

No significant change was observed in oxalate extract-
able Al for the treatments with plants (without or with N 
supply) relative to the control without plants (Fig. 3). Con-
currently, the plants grown under N limitation showed a 

Fig. 1  Heatmap depicting the normalized abundance of root metabolites as a function of the distinct N supply via nutrient solution; +Plant + N: 
eucalypt plants receiving normal N supply (196.0 mg L− 1); +Plant -N: eucalypt plants receiving no N addition (0.0 mg L− 1)
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Generally, we observed no changes in the d-spacing nor 
in the full width at half maximum (FWHM) of the main 
peaks of kaolinite and gibbsite, regardless of the presence of 
plants or N supply. However, we observed a decrease in the 
d-spacing and the FWHM for the main peak of goethite in 
the treatment with plants under N limitation relative to the 
treatments with N-supplied plants. As such, the d-spacing 
for the 101 hkl plane showed a slight decrease from 0.4149 
to 0.4131 nm and the FWHM were about 0.732 and 0.531 
(º2θ) in the respective treatments (Supplementary Table 
S3). The d-spacing of goethite in the controls without plants 
were about 0.4158 nm (no N addition) and 0.4153 (normal 
N supply), and their peaks showed the same FWHM (0.826) 
as shown in Supplementary Table S3.

Relative to the controls without plants, the MAOM frac-
tion from both planted treatments showed a similar decrease 
in CO2 evolution from the samples collected within the 
0–3  mm layer during the thermal degradation (Table  4). 
The reduction in CO2 release during the temperature inter-
val between 0 and 155 °C was about 32–37% and 13–15% 
between 320 and 550  °C (Table 4; Supplementary Figure 
S4-S5). However, for the temperature interval between 320 
and 550 °C, only those with plants grown without N addi-
tion also released less CO2 (24%), whereas the samples 
receiving normal N supply released only 3% less CO2 than 
the control (without plants and no N supply). Furthermore, 
for the samples collected in the second layer (3–6 mm from 
the rhizoplane), only the samples from the treatments with 
plants grown without N addition showed consistently lower 

between 0 and 3 mm from the rhizoplane, particularly in the 
treatments with plants under N limitation (Supplementary 
Table S2; p < 0.05). The second and third layers i.e., 3–6 and 
6–15 mm, did not show detectable 13C enrichment of the 
MAOM fraction (Supplementary Table S2 p > 0.05).

Responses of main microbial groups to the presence 
of plants and N availability

We also examined the composition of the main microbial 
groups across the three distances from the rhizoplane, i.e., 
0–3, 3–6, and 6–15 mm (Fig. 4). Although there were varia-
tions in the fungal-to-bacterial (F: B) ratio and for the GP: 
GN ratio in the treatments and across the distances consid-
ered (Fig.  4), those changes were not statistically signifi-
cant. This trend was also observed for distance between 3 
and 6 mm from the root plane (Fig. 4). It can be inferred that 
despite the significant changes observed in root morphol-
ogy (Table 1), exudate composition (Fig. 1) and rhizosphere 
chemistry (Fig.  3) owing to the distinct N availability to 
eucalypt plants, these changes did not affect the composi-
tion main soil microbial groups as indicated in Fig. 4.

Synchrotron-based XRD and EGA-MS

We evaluated the changes in crystalline soil minerals by 
using synchrotron-based XRD and assessed the thermal 
degradation of the MAOM fractions of samples collected 
within 0–3 and 3–6 mm from the rhizoplane by EGA-MS. 

Fig. 2  Mean CO2 concentrations (A) and its δ13C-CO2 (per mil, ‰) 
signature (B) released from the intact rhizoboxes measured 16 h after 
a pulse with 13C enriched CO2, that is at the end of the plant growth 
experiment. Description: +Plant + N: eucalypt plants receiving nor-
mal N supply (196.0 mg L− 1); -Plant + N: control without eucalypt 

plants receiving normal N supply (196.0 mg L− 1); +Plant -N: eucalypt 
plants receiving no N addition (0.0 mg L− 1); -Plant -N: control with-
out eucalypt plants receiving no N addition (0.0 mg L− 1). Values are 
means ± standard error (n = 3). There were no significant differences 
among the treatments (p > 0.05)
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layers (0–15  mm) the relative abundance of cutin- and 
suberin-derived compounds did not change, and aromatics 
and suberin-derived compounds accounted for a small frac-
tion of the extracted materials (Fig. 5). A list with the major 
chemical groups identified is given in the Supplementary 
Table S4, whereas all compounds identified in our TMAH-
GC/MS of the three layers (i.e., 0–3, 3–6 and 6–15 mm) are 
listed in the Tables S5, S6 and S7.

Discussion

Root morphology and metabolism in response to N 
limitation

According to previous studies on woody plants such 
as eucalypt, the concentration of N in their leaf and root 

CO2 evolution than the control treatment for temperatures 
between 0 and 155 and 155–320 (Table 4).

Changes in molecular structure of the MAOM 
fraction of the three soil layers sampled at different 
distances of the rhizoplane

According to our off-line TMAH-GC/MS, aliphatic such 
as long-chain alcohols and alkanes were the most abundant 
constituents of the extracted MAOM fraction.

Generally, the abundance of aliphatic materials decreased 
in the first soil layer from the rhizoplane (0–3 mm) in the 
treatment with plants grown without N addition (Fig.  5), 
whereas the relative proportion of N-bearing compounds 
increased (Fig.  5). In contrast, for the second and third 
soil layers (3–6 and 6–15  mm), the differences between 
the treatments were less evident. By considering all three 

Fig. 3  Percentual (%) changes in soil properties under eucalypt plants 
treated with a nutrient solution with a limited (0.0 mg L− 1) N supply 
of N (left) or with a normal (196.0 mg L− 1) N supply (right) relative 
to the control with neither plants nor N supply (dashed line). The con-
trol without plants receiving normal N supply is shown in the center 
panel. Soil properties evaluated included (A) soil C and N content; 
(B) iron and aluminum extracted by oxalate (Feox and Alox) from the 

mineral-associated organic matter (MAOM) fraction (i.e., soil particle-
size fraction smaller than 53 μm) and (C) pH (left axis) and citrate in 
the soil solution (right axis). Significant differences for a given treat-
ment with eucalypt plants relative to the treatment without eucalypt 
plants receiving no N addition (dashed line) are indicated by asterisks 
(two-way ANOVA, followed by Dunnet’s test p < 0.05). Values are 
means ± standard error (n = 3)
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Table 4  Relative changes in CO2 (m/z 44) evolution from the mineral-associated organic matter (MAOM) fraction (i.e., soil particle-size fraction 
smaller than 53 μm) of the treatments with eucalypt receiving distinct levels of N fertilization via nutrient solution Percentages (%) are measured 
changes relative to the CO2 evolution of the unplanted non-fertilized (–Plant –N) control
Treatment description +Plant + N +Plant –N +Plant + N +Plant –N
Temperature Range, °C 0–3 mm 3–6 mm
0–155 –32 –37% + 14 –16%
155–320 –15% –13% –9 –19%
320–500 –3 –24% 6% 0%
+Plant + N: eucalypt plants receiving normal N supply (196.0 mg L− 1); -Plant + N: control without eucalypt plants receiving normal N supply 
(196.0 mg L− 1); +Plant -N: eucalypt plants receiving no N addition (0.0 mg L− 1); -Plant + N: control without eucalypt plants receiving no N 
addition (0.0 mg L− 1). Values are means (n = 3)

Fig. 4  Fungal: bacteria (F: B) ratio and Gram-positive: Gram nega-
tive bacterial ratio of each soil layer as inferred from the phospholipid 
fatty acids (PLFA) profiling. +Plant + N: eucalypt plants receiving 
normal N supply (196.0 mg L− 1); -Plant + N: control without eucalypt 
plants receiving normal N supply (196.0 mg L− 1); +Plant -N: eucalypt 

plants receiving no N addition (0.0 mg L− 1); -Plant + N: control with-
out eucalypt plants receiving no N addition (0.0 mg L− 1). There were 
no significant differences among the treatments (p > 0.05). Values are 
means ± standard error (n = 3)
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as strongly favorable to the transfer of root-derived C into 
SOM pools.

Beyond altered morphological traits, our results also 
showed a significant change in root metabolism under N 
limitation, particularly a reduction in the concentration of 
amino acid and N-bearing compounds among root metabo-
lites, except for phenylalanine (Fig.  1). Poplars (Populus 
× canescens (Ait.) Smith) supplied with phenylalanine 
showed increased root production as compared to plants 
supplied with NH4NO3 (Jiao et al. 2018). Additionally, 
some poplar species treated with phenylalanine showed 
increased N use efficiency (Hu et al. 2020). Probably, the 
high content of phenylalanine in eucalypt roots under N lim-
itation may reflect adjustments in their metabolism linked to 
those changes observed in morphological traits (Table  2). 
Moreover, we observed an increase in the concentration of 
organic acids, some sugars (e.g., sucrose and trehalose), and 
sugar alcohols (i.e., inositol, mannitol, and myo-inositol) 
among the main metabolic products of roots grown under 
N limitation (Fig.  1). To some extent, the accumulation 
of organic acids may be due to the limited N supply and 
a decrease in the synthesis of amino acids (Carvalhais et 
al. 2011). The release of exudates (e.g., organic acids, sug-
ars) in the rhizosphere may stimulate microbial growth and 
activity (Sasse et al. 2018), which in turn could accelerate 
the mineralization of nutrients that can be taken up by plants 
(Bergmann et al. 2020; Gan et al. 2022; Wang et al. 2023). 
Although our isotopic data showed a fast transfer of C from 
shoots to the roots (Fig. 2), it is not possible to distinguish 
the CO2 released directly by root respiration from the CO2 
released upon the microbial assimilation of root-derived 

tissues should be positively correlated (Valverde-Barran-
tes et al. 2017). Hence, as inferred from the SPAD index 
(Table 1), eucalypt plants grown without N addition showed 
a decreased shoot growth in favor of root growth and mor-
phological changes. Possibly, the N-limited plant invested 
proportionally more resources to increase root branch-
ing and consequently increase root specific surface area 
(Table  2). Morphological changes shown by roots under 
N limitation can be interpreted as a strategy by the plant 
to explore a larger volume of soil and/or favor interactions 
with rhizospheric microbiome (Weemstra et al. 2016; Liese 
et al. 2017; Moreau et al. 2019; Bergmann et al. 2020). 
According to our PLFA analysis, the soil microbiome was 
dominated by bacteria and both F: B and GP: GN ratios 
were not substantially affected by the treatments (Fig.  4). 
Therefore, rather than impacting composition of the main 
microbial groups, changes in root morphology under N lim-
itation may reflect the effort of the plants to directly explore 
the surrounding rhizospheric soil (Ostonen et al. 2007; 
Bergmann et al. 2020; Wang et al. 2023). Nonetheless, an 
increased effort by the plants themselves to augment the soil 
volume explored could inevitable affect microbial activity 
and the potential mobilization of nutrients from SOM (Ster-
kenburg et al. 2018). Another likely outcome associated to 
increased rates of root branching could be the direct transfer 
of senescing root tissues, mucilage, and exudates to form 
new soil C pools (Lavallee et al. 2018). Hence, under the 
paradigm that roots are more efficient to form SOM than 
aboveground plant litter (Jackson et al. 2017), those mor-
phological changes indicated in Table 2 could be interpreted 

Fig. 5  Relative abundance (%) of chemical groups (aliphatics, aro-
matics, cutin-derived, N-bearing, and suberin-derived compounds) 
extracted from the mineral-associated organic matter (MAOM) frac-
tion (i.e., soil particle-size fraction smaller than 53 μm) as a function 
of the distance from the rhizoplane in the rhizobox (0–3, 3–6 and 
6–15 mm from the root plane. +Plant + N: eucalypt plants receiving 

normal N supply (196.0 mg L− 1); -Plant + N: control without eucalypt 
plants receiving normal N supply (196.0 mg L− 1); +Plant -N: eucalypt 
plants receiving no N addition (0.0 mg L− 1); -Plant + N: control with-
out eucalypt plants receiving no N addition (0.0 mg L− 1). Significant 
differences among the treatments for each distance from the rhizoplane 
are given in Supplementary Table S4. Values are means (n = 3)
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Besides, considering that the soil used in the lower com-
partment of the rhizobox had a C: N ratio about 18:1, a short-
term microbial N immobilization likely occurred (Dijkstra 
et al. 2009; Bengtson et al. 2012). Additionally, it is relevant 
to point out that all changes in eucalypt root morphophysi-
ological traits were not followed by significant changes in 
the composition of the main soil microbial groups (Fig. 4).

Generally, the impacts of root exudation on SOM forma-
tion as well as on its mobilization and mineralization remain 
controversial. For instance, some authors claim that the rhi-
zospheric microbiome is highly efficient in assimilating 
root exudates (e.g., glucose) and subsequently transferring 
the assimilated C into the MAOM pool (Sokol and Brad-
ford 2018; Teixeira et al. 2024). In contrast, Keiluweit et 
al. (2015) showed that chemical characteristics of the exu-
dates (i.e., glucose, acetic acid, or oxalic acid) have differ-
ent impacts on soil microbiome and SOM mineralization, 
with SOM mineralization being the highest in the presence 
of oxalic acid (low energy supply) and the lowest with glu-
cose (high energy supply). In our study, the concentration 
of organic acids and some sugars among root metabolites 
increased under N limitation (Fig.  1), so the mixture of 
these compounds in the rhizosphere (i.e., citrate) could have 

materials in the rhizosphere. Nonetheless, considering the 
changes in root morphology observed under limited N sup-
ply, it is likely that most of the isotopically labeled CO2 
released in our experiment was derived from root respira-
tion as evidenced in previous studies on this subject (Jia et 
al. 2013; Rewald et al. 2014; Paradiso et al. 2019). All these 
studies highlighted a strong relationship between fine root 
biomass and root respiration. Thus, the presumed primacy 
of root exudation for the buildup of SOM pools (Sokol and 
Bradford 2018) coupled to a larger volume of soil in direct 
contact with root tissues and exudates (Lavallee et al. 2018), 
might favor soil C storage where eucalypt plants are grown 
under low N availability.

Changes in the rhizosphere under N limitation

Our results indicate that the soil solution of the rhizosphere 
of eucalypt plants grown under N limitation showed low pH 
and high concentration citrate that probably led to the mobi-
lization of N-rich materials from the MAOM, especially Fe-
bound pools (Figs. 3 and 5). A conceptual diagram showing 
these cascading effects derived from N limitation is given 
in Fig. 6.

Fig. 6  Relative to the normal N supply (i.e., 196.0 mg L− 1), the rhi-
zosphere of eucalypt plants grown under limited N availability (i.e., 
0.0 mg L− 1) showed higher citrate concentration and lower pH (H+) 
in the three soil layers (i.e., 0–3, 3–6 and 6–15 mm) from the rhizo-

plane. Moreover, the acidification of the rhizosphere was followed by 
a significant reduction in Fe-bound organic materials and an increase 
in N-bearing organics in the soil solution of the first soil layer from the 
rhizoplane (i.e., 0–3 mm)
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soil C storage and turnover, and N cycling. Advancing our 
knowledge on these processes should depend largely on the 
assessment of their relationships with both composition and 
activity of the rhizosphere soil microbiome.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s00374-
024-01832-x.
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