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Abstract White lupin is very often used as a model plant for
root exudation studies due to its capability to release huge
amounts of organic acids and flavonoids. The complex nature
of these organic compounds makes not only their analytical
determination difficult but also their extraction from soil sam-
ples. For these reasons simplified approaches, as hydroponic-
based systems are widely used to study the root exudation.
Therefore, the composition of a trap solution is crucial to limit
artefacts causing over/underestimation of exudation rates and/
or a biased molecular composition of the collected com-
pounds. The present study was aimed at assessing the influ-
ence of different trap solutions and collection times on the
quali- and quantitative root exudation pattern of white lupin
(Lupinus albus L.) grown under phosphorus (P) and iron (Fe)
deficiency. Our results suggest that, in works aimed at study-
ing root exudation processes, water is the most effective trap
solution to collect the exudates like organic acids and flavo-
noids, especially in short time (e.g. 2 h). For longer times, low
concentrations of Ca could be helpful to limit osmotic stress
and possible passive leakage and/or diffusion. The use of bac-
teriostatic compounds as NaN3 and Micropur bias the results,
due to interferences either with the metabolism or inhibition of
the exudation processes, especially in the case of flavonoids

such as quercetin. Also, the use of a pH buffer solution like
2-(N-morpholino)ethanesulfonic acid (MES) should be
avoided for its undesired interferences with the release.
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Introduction

It is well known that roots are able to influence significantly
the chemical, physical and biological characteristics of the
surrounding soil (rhizosphere) also through the release of or-
ganic compounds (Uren 2000; Colombo et al. 2014). These
latter, named root exudates, can be (a) passively released by
roots (diffusates) thanks to the concentration gradient between
root cells and rhizosphere, or (b) actively excreted/secreted in
response to nutrient deficiency, metal toxicity and/or interac-
tions with microorganisms (Jones et al. 2004; Bais et al.
2006). Anyway, independently on the release mechanism in-
volved, root exudates comprise a complex mixture of low
(organic acids, amino acids, sugars, phenolic acids, flavo-
noids, phytosiderophores, etc.) and high molecular weight
(polysaccharides, enzymes, etc.) organic compounds (Lynch
1970; Pinton et al. 2007; Cesco et al. 2012; Mimmo et al.
2014) with very different biological and chemical properties.
These exudates represent a root-to-rhizosphere carbon efflux
that can reach values up to 10 % of the net assimilated carbon
by plants (Jones et al. 2004). For instance, only recently some
authors showed that maize roots released up to 166 kg C ha−1

as rhizodeposited-C belowground, 50 % of which was recov-
ered in the upper 10 cm (Pausch et al. 2013). The qualitative
and quantitative exudation pattern is however affected by sev-
eral environmental factors, including pH (Meharg and
Killham 1990), soil type (Van Veen et al. 1985), oxygen status
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(Wiedenroth and Poskuta 1981), light intensity, soil tempera-
ture (Graham et al. 1982), nutrient availability (Kraffczyk
et al. 1984), the presence of microorganisms (Meharg and
Killham 1991) and plant species (Lambers 1987). It is inter-
esting to note that, as a consequence of this variability in the
type, amount and chemical properties of root exudate release,
the rhizosphere of a specific plant species can vary consistent-
ly along the root both in time and in space (Terzano et al.
2014).

White lupin is a plant species well-known for its capability
to exude huge amounts of organic acids and flavonoids under
nutritional disorder (Weisskopf et al. 2006a; Tomasi et al.
2008; Mimmo et al. 2011); this process is mainly localized
in clusters of closely spaced lateral rootlets (named cluster or
proteoid roots), characterized for their limited growth and
dense cover with root hairs (Gardner et al. 1983; Dinkelaker
et al. 1989). For these characteristics, white lupin is able to
survive and to complete the life cycle also in the presence of
barely available nutrient sources (Lambers et al. 2006). This
plant species has been very often used as a model plant for
studies aiming at a deeper and more detailed comprehension
of the root exudation process (Florez-Sarasa et al. 2014).
However, for the other plant species as crops, this process is
still poorly defined since root exudates are barely quali-quan-
tified, both at the rhizosphere level and at the field scale.
Furthermore, the complex nature of these organic compounds
makes not only their analytical determination difficult but also
their extraction from soil samples, due to their capability to
interact with soil particles. For these reasons, in studies deal-
ing with the root exudation process, simplified approaches,
like the culture-based systems, have been widely used
(Neumann and Römheld 1999; Cesco et al. 2002; Gottardi
et al. 2012). In these studies, plants were grown in either pure
nutrient solution or in semi-hydroponic conditions with a solid
support (e.g. quartz sand, perlite, etc.); therefore, exudates
were collected by immerging the root system in a trap solution
(water, CaCl2, CaSO4, etc.) for a time period ranging from
2 min to 25 days (Vranova et al. 2013). This methodological
approach is very simple and can be managed and adapted
easily. It has also the advantage of allowing frequent measure-
ments, as those necessary for the estimation of kinetic param-
eters of an enzymatic process like exudation mechanism me-
diated by active transport (Tomasi et al. 2009). In addition,
with hydroponic systems, it is possible to limit root injuries
(very easy and frequent in the case of root removal from soil,
even when plants are grown in rhizoboxes) that can be the
cause of an overestimation of the root exudation process.
Also, the risk of microbial contamination/degradation due to
the presence of soil particles can be prevented with hydropon-
ic approaches. Considering these methodological aspects (re-
lated to the quali-quantitative analysis of root exudation pro-
cess), it is interesting to note that plant roots grown in solution
cultures can be morphologically and physiologically different

from those of soil-grown plants and can exhibit a stimulated
root exudation (Boeuf-Tremblay et al. 1995; Groleau-Renaud
et al. 1998). Moreover, the sterile conditions in the collection
of root exudates, often desired in order to preserve the pres-
ence of these molecules in the trap solution, might bias their
quantification. For instance, non-sterile conditions might in-
fluence the exudation pattern in plants exposed to stress like
nutritional disorders. Therefore, considering all these aspects,
it appears evident that the composition of the trap solution is
crucial to limit artefacts causing over/underestimation of exu-
dation rates and/or a biased molecular composition of the col-
lected exudates. Nonetheless, this aspect is very important to
understand rhizosphere processes related to root exudation
dependent nutrient acquisition by crops, yet to date not clearly
defined.

For these reasons, the present study was aimed at assessing
the influence exerted by the different composition of the trap
solution and collection times on the quali- and quantitative
exudation pattern of white lupin (Lupinus albus L.) grown
under control condition and phosphorus (P) and iron (Fe) de-
ficiency. Here, we aimed at comparing distilled water, MES-
KOH usually used in nutrient solution as buffer (Tomasi et al.
2009), Micropur used as a bacteriostatic agent in hydroponics
(Tomasi et al. 2012) and sodium azide (NaN3) which to date
has only been used as a bacteriostatic agent added in soil or
soil solutions (Oburger et al. 2014). To our knowledge, to
date, there is no comparative study regarding the effect of
the trap solution on the determination of root exudates which
could bias the results.

Materials and methods

Plant growth

White lupin seeds (Lupinus albus L. cv. Amiga;
Südwestdeutsche Saatzucht, Rastatt, Germany), were soaked
for 24 h in an aerated 0.5 mMCaSO4 solution and germinated
for 4–5 days in the dark at 22 °C between two layers of filter
paper moistened with 0.5 mM CaSO4. Homogeneous seed-
lings were selected and transferred in black pots (in order to
limit photochemical reduction phenomena, Zancan et al.
2006) containing an aerated nutrient solution with the follow-
ing composition: mM, 0.25 KH2PO4, 5 Ca(NO3)2 4 H2O, 1.25
MgSO4, 1.75 K2SO4, 0.25 KCl; μM: 20 Fe(III)-EDTA, 25
H3BO4, 1.25 MnSO4 7H2O, 1.5 ZnSO4 7H2O, 0.5 CuSO4

5H2O, 0.025 (NH4)6Mo7O24 4H2O. The nutrient solution in
the pots was renewed every 3 days. After one week of plant
growth in a full nutrient solution, the plants were transferred
either to a full nutrient solution (control), to an Fe-free (−Fe)
or to a P-free (−P) nutrient solution. The plants were grown in
a growth chamber under controlled conditions for additional
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4 weeks (day 14 h 24 °C 70 % RH, night 10 h 19 °C 70 %
RH). Experiments were carried out in triplicate.

Collection of root exudates

At harvest, the plants were removed from the nutrient solu-
tions and roots were washed several times with distilled water
in order to remove any traces of nutrient solution. The plants
were then transferred in smaller pots containing 100 ml of trap
solution. The following trap solutions were used in the exper-
iment: H2O MQ, Micropur 1 mg L−1 (Tomasi et al. 2012),
NaN3 1 mM, MES-KOH (2-(N-morpholino)ethanesulfonic
acid) 10 mM pH 6 (Tomasi et al. 2009). Root exudates were
collected for 2 and 24 h, respectively, continuously aerat-
ing the trap solutions and covering the pots with alumin-
ium foil to maintain the roots in the dark. After 2 h/24 h,
the plants were removed, the root systems weighed and
stored at −80 °C until further analysis. The trap solutions
were filtered at 0.45 μm (Spartan RC, Whatman), frozen
at −20 °C, lyophilized and resuspended in either distilled
water (for organic acid determination) or methanol (for
flavonoid determination).

Root extractions

Samples of white lupin roots were incubated in 10 ml of
100% (v/v) methanol for 1 h at room temperature under gentle
shaking to extract the internal content of organic acids and
flavonoids. The roots were then removed and the remaining
solution filtered at 0.45 μm (Spartan RC, Whatman). The
methanol solutions were afterwards placed overnight under a
hood to evaporate the solvent. After that, the extracts were
resuspended in distilled water for the organic acid determina-
tion and in methanol for the determination of phenolic
compounds.

Organic acid and flavonoid analysis

Organic acids were separated by high-performance liquid
chromatography (HPLC) using a cation exchange column
(Rezex ROA, Phenomenex; 300×7.8 mm), with an isocratic
elution with 10 mMH2SO4 as carrier solution at a flow rate of
0.6mlmin−1. The organic acids were detected at 210 nm using
a Waters Photodiode array detector (PDA 2998, Waters Spa,
Italy). Standard acids were prepared as individual stock solu-
tions using Sigma free acids and then combined to give diluted
reference standards. The organic acids were identified by
comparing retention times of unknowns to pure organic acids
and by standard additions (Sandnes et al. 2005).

Flavonoids were separated by HPLC with a XBridge
Shield-C18 column (Waters), using an isocratic elution with
60 % solvent A (acetonitrile 100 %) and 40 % solvent B
(phosphoric acid 0.1 %) as mobile phases at a flow rate of

1 ml min−1 and detected at 254 nm (PDA 2998 Waters Spa,
Italy). Standard solutions were prepared as individual stock
solutions using Sigma HPLC-grade reference compound for
genistein and Extrasynthese HPLC-grade for quercetin and
then combined to give diluted reference standards. The fla-
vonoids were identified by comparing retention times of
unknowns to pure compounds and by standard additions.
Method modified from Inderit et al. (2008). We employed
an isocratic elution to eliminate variability among peak
areas that occurs when employing an increasing gradient
elution.

Statistical analysis

The results are presented as means of at least three replicates±
standard deviation (SD). Statistical analysis was performed
using Statgraphics (Statpoint Technologies, Inc., Warrenton,
VA, USA). Data were analysed by analysis of variance
(ANOVA), and means were compared using SNK’s test at
P<0.05 to determine the significance of differences found.

Results

Release of organic acids

Citric and malic acid could be identified in the root exudates
of white lupin. Oxalic acid was identified in some samples but
was however below the limit of quantification. Figure 1a and b
show the release of citrate measured in root exudates of white
lupin collected after 2 or 24 h of contact with the trap solutions,
respectively. This release was significantly affected by collec-
tion time (P<0.001), treatment (P<0.001, Fe and P deficiency
vs control) and type of trap solution (P<0.05) resulted signif-
icant. Overall, the release of citrate is significantly higher in
solutions collected from –Fe plants, both after 2 and 24 h.
Lowest concentrations of citrate were found in samples col-
lected from control plants. The composition of trap solutions
affected the release of citrate. In fact, after 2 h, the concentra-
tion of citrate in –Fe samples was at least two times higher in
water compared to samples collected in Micropur, NaN3 and
MES. Overall, Micropur reduced citrate release, especially in
exudates collected in 24 h (Fig. 1b).

Concerning malate (Table 1), after 2 h, malic acid
could not be detected in every analysed samples and
was not influenced significantly by the nutrient deficien-
cy treatments. In control plants, the highest concentra-
tions of this organic acid were determined in solutions
of NaN3 followed by water, Micropur and MES. A sim-
ilar pattern was observed after 24 h where malate con-
centration in NaN3 solutions was higher than in the other
trap solutions; in this case, no significant difference be-
tween nutritional treatments was observed. Root exudates
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released by control plants in water contained three times
lower malate than those analysed in roots immersed in
NaN3 containing trap solution; this behaviour was less
pronounced when plants were exposed to a nutritional dis-
order (−Fe and –P). Exudates collected in the Micropur solu-
tions showed instead the lowest contents of malate (at least
five times lower) in all treatments (Table 1).

Release of flavonoids

Two types of flavonoids could be determined in the root exu-
dates of white lupin, identified as genistein and quercetin by
comparison with standard references and standard additions.
Other chromatographic peaks were detected, but the concen-
tration was too low for an unambiguous identification. Table 1

shows the effect of the four different trap solutions and three
plant nutritional treatments on the concentration of genistein
and quercetin in root exudates collected after 2 and 24 h,
respectively.

In the case of 2 h root exudate collection, the genistein
concentration of control plants measured in water was the
highest, while the level of this flavonoid in exudates collected
in the presence of NaN3 resulted the lowest (four times lower
than water). Among the three nutritional states, the highest
concentrations of genistein were detected in samples of Fe-
deficient plants, with the release having the following order:
NaN3 >MES >water ≥Micropur. Overall, the lowest levels of
genistein were found in exudates collected from P-deficient
plants, irrespectively from the composition of the trap
solution.
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Fig. 1 Citric acid detected on
root exudates collected from lupin
roots in 2 (a) and 24 h (b), (mean
±SD, n=3); Three-way ANOVA
results: collection time
(P<0.001), treatment (P<0.001)
and type of trap solution
(P<0.05); all the interactions
resulted not significant
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After 24 h, the release of genistein was differently affected
by trap solutions: exudates of control plants showed the lowest
genistein concentration compared to those collected from
-Fe and –P plants. Considering the composition of trap
solution, the lowest level of this flavonoid was recorded
in MES-trap solutions, while in the other three condi-
tions, the concentrations of genistein was essentially the
same. With respect to the nutritional plant states, the
highest concentrations of genistein were found in sam-
ples of Fe-deficient plants, with a peak when NaN3-con-
taining trap solution was used (2.5 times higher than
water and micropur). Differently, samples of exudates
collected from P-deficient plants exhibited concentrations
of genistein in MES and NaN3 trap solutions higher than
the other two conditions (water and Micropur), being the
lowest value when Micropur trap solution is considered.

Quercetin was the second flavonoid detected in the exu-
dates. This flavonoid was mainly detected in exudates of con-
trols and Fe-deficient plants after 2 h of collection (Table 1).
All the treatments lead to highest concentrations in trap solu-
tions containing MES (23.38 and 30.42 nmol g−1 FW in con-
trol and –Fe plants, respectively), while in the other trap

solutions, the concentrations of quercetin were halved and
not significantly different among them. In P-deficient plants,
quercetin was detected only in trap solutions containing
Micropur (Table 1).

After 24 h, the maximum release of quercetin was
determined in samples collected in –Fe plants, in partic-
ular when Micropur and NaN3 were present in the trap
solutions; in water the concentration of quercetin was
about halved (24.48 nmol g−1 FW). The highest concen-
tration of this flavonoid was detected in NaN3 solution of
control plants, while the minimum was found when wa-
ter was used for the collection of the exudates. The same
behaviour was observed in samples collected from roots
of P-deficient plants (Table 1).

Root exudates vs root content ratio

Organic acids (citrate and malate) and flavonoids (genistein
and quercetin) were also determined in root tissues at the end
of the experiment, and these values have been used to calcu-
late the ratios between the release (R) and the root content (C)
of these compounds, after 2 and 24 h, in the different

Table 1 Malate, genistein and quercetin release given in nmol g−1 FW (mean±SD, n=3) determined in root exudates collected from lupin roots in 2
and 24 h, respectively

2 h 24 h

Control -Fe -P Control -Fe -P

Malate

Water 5.72±0.20 < LOD < LOD 8.27±3.80 20.10±2.43 21.03±2.34

Micropur 1.51±1.24 4.44±1.86 < LOD 5.49±2.62 < LOD 1.67±0.87

NaN3 13.24±3.95 1.58±1.58 5.69±0.13 26.77±2.98 31.19±3.23 24.07±3.56

MES 2.88±1.80 < LOD < LOD 6.68±1.84 < LOD < LOD

Genistein

Water 29.12±0.41 21.38±4.80 9.77±4.19 17.13±5.43 24.44±3.15 26.45±0.55

Micropur 15.36±5.29 20.08±0.61 6.30±0.78 20.25±6.11 29.55±10.52 7.87±1.79

NaN3 7.49±0.44 35.51±2.76 8.81±4.15 18.88±3.22 69.82±11.98 39.07±6.79

MES 19.89±5.65 30.42±2.48 10.88±3.60 11.83±1.57 < LOD 43.76±8.73

Quercetin

Water 12.49±0.30 21.38±4.80 < LOD 9.34±2.23 24.44±3.15 14.09±2.14

Micropur 10.96±1.54 20.08±0.61 5.31±0.82 13.47±3.31 29.55±10.52 53.84±17.68

NaN3 9.71±2.38 53.51±3.45 < LOD 31.50±14.33 69.82±11.98 58.61±9.30

MES 23.38±11.17 30.42±2.48 < LOD 15.10±0.32 < LOD < LOD

Three-way ANOVA results for malate: collection time (P<0.001), treatment not significant (ns), type of trap solution (P<0.05), type of trap solution ×
treatment (ns), type of trap solution × collection time (P<0.01), treatment × collection time (P<0.05), treatment × collection time × type of trap solution
(ns); Three-way ANOVA results for genistein: collection time (P<0.01), treatment (P<0.001), type of trap solution (P<0.01), type of trap solution ×
treatment (P<0.001), type of trap solution × collection time (ns), treatment × collection time (P<0.05), treatment × collection time × type of trap solution
(ns); Three-way ANOVA results for quercetin: collection time (P<0.05), treatment (P<0.05), type of trap solution (ns), type of trap solution × treatment
(ns), type of trap solution × collection time (ns), treatment × collection time (ns), treatment × collection time × type of trap solution (ns)

LOD limit of detection
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nutritional plant states and as a function of the diverse trap
solutions (Online resource 1).

Regarding citrate, all ratios were lower than 1 with the only
exception of the samples of –P plants collected in Micropur
for 24 h. At this collection time, R/C were higher in samples
collected in water and Micropur trap solutions of –Fe and –P
plants as compared to those of control plants; differently, no
significant differences were found among the nutritional states
using NaN3 and MES-trap solutions. Overall, a significant
increase in the values of R/C, comparing same treatments
and solutions, was observed after 24 h. In particular, the R/C
obtained with of Micropur and NaN3 trap solutions was up to
20 times higher (Micropur –P), while a decrease was detected
only in –P water and MES samples.

As for citrate, the values of R/C were lower than 1 (Online
resource 1); however, not all R/C values could be calculated
since many concentrations were < LOD. However, higher R/C
values were found in NaN3 solutions for all treatments after
2 h. Considering controls, R/C increased after 24 h in all trap
solutions considered (Online resource 1).

As seen with the other compounds detected in the trap
solutions, also the R/C values for genistein were lower than
1. After 2 h, the highest R/C were determined in solutions
obtained from Fe- and P-deficient plants in water. Control
samples showed the lowest values. Comparing the R/C values
at 2 and 24 h, respectively, a huge increase (sixfold) for ge-
nistein was detected in solutions containing NaN3 of Fe- and
P-deficient plants. Other ratios have not shown significant
differences.

The second flavonoid detected, quercetin, showed R/C
values higher than 1 (with the exception of Micropur solution
in control samples) after 2 h (Online resource 1). Ratios were
fluctuating over treatments and different solutions; however,
the highest R/C values were detected in NaN3 solutions in Fe-
and P-deficient plants. After 24 h, the ratios were all below 1
in controls, and all decreased in Fe-deficient plants; P-
deficient plants showed instead stable R/C values, with the
exception of MES solution, which increased.

Discussion

In the present study, for a better comprehension of root exu-
dation, we collected root exudates released by white lupin
(Lupinus albus L.) roots of intact plants grown under three
different nutritional states (control, Fe- and P-deficiency) for
2 and 24 h. The root exudates were collected using four dif-
ferent trap solutions (distilled water or NaN3-, MES- and
Micropur-containing solutions) by analysing the exudation
pattern (in terms of citrate, malate, genistein and quercetin).

Distilled water used as a trap solution guaranteed generally
higher values of exudates, as compared to the other three trap
solutions. Considering the higher R/C values in plants

exposed to distilled water with respect to those treated with
the other three trap solutions, it appears evident that the im-
proved performance of the distilled water is probably ascrib-
able, at least in part, to an osmotic stress imposed to roots by
the distilled water. For longer collection periods than 2 h, an
addition of an electrolyte as Ca might overcome excessive
osmotic stress stabilizing the membranes (Schapire et al.
2009). On the other side, considering the aim of these collec-
tions, it is necessary to point out that the addition of ions to the
trap solution might interfere with the subsequent quantitative
analysis of the exudates. In fact, for the generally low concen-
trations of exudates in the trap solution, vacuum evaporation
or lyophilization of the liquid samples are commonly required.
This concentration step can on one side favor the detection of
the exudates but on the other, it might easily lead to very high
salt concentrations interfering in turn within the analytical
method and/or cause irreversible precipitation of certain exu-
date compounds (Neumann and Römheld 2007). As a conse-
quence, the exudate pattern by roots can be altered giving an
indication very different of what really occurs in the rhizo-
sphere. The use of distilled water as a trap solution should
thus be favored, especially for short collection times to avoid
artefacts, both during the collection and analysis phases.

Considering the time of exudate collection, the results here
presented show that with distilled water the longer collection
time (from 2 to 24 h) of the root contact with the trap solution
affected only weakly the exudate detection, particularly when
this value is compared with those obtained with the other trap
solutions. These slightly lower concentrations observed in
distilled water could be ascribed to a higher microbial degra-
dation, reducing especially the concentration of organic acids
(Jones 1998). To limit this phenomenon, the addition to the
trap solution of compounds like Micropur or NaN3 as bacte-
riostatic agents could represent a useful strategy. However, the
results here presented clearly show that the addition of
Micropur to the trap solution impaired the release of malate,
citrate and genistein. There are other evidence in literature
indicating a negative effect of the presence of Micropur in
the trap solutions (Neumann and Römheld 2007), although
these effects were detected using high concentrations of the
bacteriostatic agent (2.5–10 mg L−1). In any case, considering
that in the present work, Micropur was used at 1 mg L−1, this
evidence seems to discourage the use of this compound in the
trap solution for exudate collection. In contrast to Micropur,
when NaN3 was added to the trap solution, a higher detection
of root exudates than those in the other trap solutions was
observed. This phenomenon was particularly evident when
the collection was prolonged up to 24 h and in white lupin
plants exposed to nutrient deficiencies. Bacteriostatic agents
as sodium azide is very often used to prevent degradation once
the exudates are collected (Oburger et al. 2014; Gent et al.
2005), but its effect on the root exudation of intact roots has
not been investigated yet. In this respect, it is interesting to

762 Biol Fertil Soils (2015) 51:757–765



point out that a weakening of the membrane integrity of plants
can occur as a consequence of P-deficiency (Shen et al. 2011).
In the conditions of our study, the combination of NaN3 and P-
deficiency might thus further affect the stability of the mem-
branes, allowing a passive diffusion and/or a leakage of exu-
dates in the trap solution. Moreover, the difference in root
contents of organic acids and flavonoids after the exposure
to NaN3 seems to indicate an action of this bacteriostatic also
at the level of plant metabolism related to the synthesis of
these metabolites. For these reasons, it is reasonable that the
higher concentrations detected in root exudates detected in
NaN3 trap solutions are most likely due to these secondary
and undesirable effects rather than to the bacteriostatic action
of this compound in favor to the preservation of the exudates.

Besides water, the addition of MES to the trap solution has
been widely used for the collection of root exudates (El-Baz
et al. 2004; Tomasi et al. 2009, 2012) since it has the advan-
tage to maintain the pH stable. In this work, MES was on one
side able to guarantee efficiently the pH buffering during the
collection but on the other gave contrasting results regarding
the exudate concentrations detected. A similar effect of MES
was also described by El-Baz et al. (2004). Thus, considering
the difficulties in interpreting and comparing data obtained
with MES as the trap solution with those present in literature,
the use of this compound for the purposes similar to those here
described should therefore not be recommended, at least when
organic acids and flavonoids are considered.

The release of huge concentrations of organic acids and
flavonoids under P- and Fe-deficiency both in hydroponic
(Tomasi et al. 2008) and soil conditions (Mimmo et al.
2011) has been well-described in white lupin. This exudation
process is spatially and temporally localized for some com-
pounds like citrate (Neumann and Römheld 1999; Neumann
et al. 1999; Tomasi et al. 2009), while only partial information
is available for other compounds such as flavonoids
(Weisskopf et al. 2006b). Comparing the two nutritional dis-
orders, data here presented showed that Fe-deficiency induced
in white lupin roots mainly released citrate, as also described
by Hagström et al. (2001). The citrate release was higher
prolonging the collection time to 24 h, indicating a continuous
release of this compound during the day. An exception to this
behaviour among the four trap solutions here considered has
been recorded with the solution containing Micropur, where
the concentration of citrate released was essentially the same
in the two time intervals considered.With respect to malate, its
release in Fe-deficiency was mainly detected in water after 2 h
while it was not detectable in the Micropur- and MES-
containing trap solutions. The huge release of malate mea-
sured after 24 h in the presence of NaN3 could indicate alter-
ations of the integrity and permeability of the membranes
leading to an uncontrolled leakage of compounds including
malate. In Fe-deficiency, also the release of both flavonoids
genistein and quercetin was very pronounced. Considering the

redox and complexing properties of these compounds (Cesco
et al. 2010, 2012), this effect could be part of the strategy adopted
by this plant species to cope with themicronutritional deficiency.

With respect to P-deficiency, the results here presented show
that the release of citrate by plants exposed to this nutritional
disorder is generally higher than that measured in control plants
but never reaching the extents measured in Fe-deficient roots.
Also in the case of malate, a similar pattern of exudation was
observed; however, the extent of malate release was always
lower than that measured for citrate. Concerning the release of
flavonoids in white lupin plants exposed to this nutritional
stress, the low level of genistein detected in the trap solution
after 2 h (with an extent even lower than that measured in P-
sufficient control plants) is followed by a huge release after
24 h. If this effect could be related to a time-dependent exuda-
tion pattern for genistein in P-deficient white lupin, the evidence
here presented needs further experimental evidence.

Conclusions

In conclusion, the results here presented suggest that in works
aimed at studying root exudation processes, distilled water is
the most suitable trap solution to collect the exudates like
organic acids and flavonoids. Even though there might be a
slight degradation of these compounds in water, sterile or
semi-sterile conditions could be of great benefit in limiting
this process. Moreover, the addition of low concentrations of
CaSO4 or CaCl2 could help in contrasting osmotic stress; with
this respect, the ion concentration adopted is crucial in
restricting the risk of salinity (high salt concentration), a lim-
iting factor during further processing of the samples (e.g.
lyophilisation and then analysis). The use of MES and NaN3

should be avoided for their undesired interferences with the
root exudate release process as well as Micropur for its capac-
ity to inhibit the process. This study highlighted that one of the
most crucial aspects in the root exudate determination is the
method adopted for their collection. Caution should therefore
be taken in the interpretation of data from exudation studies
and comparisons using different collection times and
procedures.

Acknowledgments This work has been financially supported by the
Italian MIUR (FIRB-Programma BFuturo in Ricerca^), Free University
of Bolzano (TN5056 and TN2023).

References

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006) The role of
root exudates in rhizosphere interactions with plants and other or-
ganisms. Annu Rev Plant Biol 57:233–66. doi:10.1146/annurev.
arplant.57.032905.105159

Biol Fertil Soils (2015) 51:757–765 763

http://dx.doi.org/10.1146/annurev.arplant.57.032905.105159
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105159


Boeuf-Tremblay V, Plantureux S, Guckert A (1995) Influence of mechan-
ical impedance on root exudation of maize seedlings at two devel-
opment stages. Plant Soil 172:279–287

Cesco S, Mimmo T, Tonon G, Tomasi N, Pinton R, Terzano R, Neumann
G, Weisskopf L, Renella G, Landi L, Nannipieri P (2012) Plant-
borne flavonoids released into the rhizosphere: impact on soil bio-
activities related to plant nutrition. A review. Biol Fertil Soils 48:
123–149. doi:10.1007/s00374-011-0653-2

Cesco S, Neumann G, Tomasi N, Pinton R, Weisskopf L (2010) Release
of plant-borne flavonoids into the rhizosphere and their role in plant
nutrition. Plant Soil 329:1–25. doi:10.1007/s11104-009-0266-9

Cesco S, Nikolic M, Römheld V, Varanini Z, Pinton R (2002) Uptake of
59Fe from soluble 59Fe-humate complexes by cucumber and barley
plants. Plant Soil 241:121–128

Colombo C, Palumbo G, He JZ, Pinton R, Cesco S (2014) Review on
iron availability in soil: interaction of Fe minerals, plants, and mi-
crobes. J Soils Sediments 14:538–548. doi:10.1007/s11368-013-
0814-z

Dinkelaker B, Römheld V, Marschner H (1989) Citric acid excretion and
precipitation of calcium citrate in the rhizosphere of white lupin
(Lupinus albus L.). Plant Cell Environ 12:285–292. doi:10.1111/j.
1365-3040.1989.tb01942.x

El-Baz F,MohamedAA,Aboul-Enein AM, Salama ZA (2004) Alteration
in root exudates level during Fe-deficiency in two cucumber culti-
vars. Int J Agric Biol 6:45–48

Florez-Sarasa I, Lambers H, Wang X, Finnegan PM, Ribas-Carbo M
(2014) The alternative respiratory pathway mediates carboxylate
synthesis in white lupin cluster roots under phosphorus deprivation.
Plant Cell Environ 37:922–928. doi:10.1111/pce.12208

Gardner WK, Barber DA, Parbery DG (1983) The acquisition of phos-
phorus by Lupinus albus L. III. The probable mechanism by which
phosphorus movement in the soil/root interface is enhanced. Plant
Soil 70:107–124

Gent MPN, Parrish ZD, White JC (2005) Nutrient uptake among subspe-
cies of Cucurbita pepo L. is related to exudation of citric acid. J Am
Soc Hortic Sci 130:782–788

Gottardi S, Iacuzzo F, Tomasi N, Cortella G, Manzocco L, Pinton R,
Römheld V, Mimmo T, Scampicchio M, Dalla Costa L, Cesco S
(2012) Beneficial effects of silicon on hydroponically grown corn
salad (Valerianella locusta (L.) Laterr) plants. Plant Physiol
Biochem 56:14–23. doi:10.1016/j.plaphy.2012.04.002

Graham J, Leonard R, Menge J (1982) Interaction of light intensity and
soil temperature with phosphorous inhibition of vesicular-arbuscular
mycorrhiza formation. New Phytol 683–690

Groleau-Renaud V, Plantureux S, Guckert A (1998) Influence of plant
morphology on root exudation of maize subjected to mechanical
impedance in hydroponic conditions. Plant Soil 201:231–239

Hagström J, James WM, Skene KR (2001) A comparison of structure,
development and function in cluster roots of Lupinus albus L. under
phosphate and iron stress. Plant Soil 232:81–90

Inderit JL, Pollock RM, Callaway WH (2008) Phytotoxic effects of (6)-
catechin in vitro, in soil, and in the field. Plos One 3:e2536

Jones DL (1998) Organic acids in the rhizosphere—a critical review.
Plant Soil 205:25–44

Jones DL, Hodge A, Kuzyakov Y (2004) Plant and mycorrhizal regula-
tion of rhizodeposition. New Phytol 163:459–480. doi:10.1111/j.
1469-8137.2004.01130.x

Kraffczyk I, Trolldenier G, Beringer H (1984) Soluble root exudates of
maize: influence of potassium supply and rhizosphere microorgan-
isms. Soil Biol Biochem 16:315–322. doi:10.1016/0038-0717(84)
90025-7

Lambers H (1987) Does variation in photosynthetic rate explain variation
in growth rate and yield? Netherlands J Agric Sci 35:505–519

Lambers H, Shane MW, Cramer MD, Pearse SJ, Veneklaas EJ (2006)
Root structure and functioning for efficient acquisition of

phosphorus: matching morphological and physiological traits. Ann
Bot 98:693–713. doi:10.1093/aob/mcl114

Lynch JM (1970) The rhizosphere. Wiley, Chicester
Meharg AA, Killham K (1990) The effect of soil pH on rhizosphere

carbon flow of Lolium perenne. Plant Soil 123:1–7
Meharg AA, Killham K (1991) A novel method of quantifying root

exudation in the presence of soil microflora. Plant Soil 133:111–116
Mimmo T, Del Buono D, Terzano R, Tomasi N, Vigani G, Crecchio C,

Pinton R, Zocchi G, Cesco S (2014) Rhizospheric organic com-
pounds in the soil-microorganism-plant system: their role in iron
availability. Eur J Soil Sci 65:629–642. doi:10.1111/ejss.12158

Mimmo T, Hann S, Jaitz L, Cesco S, Gessa CE, Puschenreiter M (2011)
Time and substrate dependent exudation of carboxylates by Lupinus
albus L. and Brassica napus L. Plant Physiol Biochem 49:1272–8.
doi:10.1016/j.plaphy.2011.08.012

Neumann G, Massonneau A, Martinoia E, Römheld V (1999)
Physiological adaptations to phosphorus deficiency during proteoid
root development in white lupin. Planta 208:373–382. doi:10.1007/
s004250050572

Neumann G, Römheld V (1999) Root excretion of carboxylic acids and
protons in phosphorus-deficient plants. Plant Soil 211:121–130. doi:
10.1023/A:1004380832118

Neumann G, Römheld V (2007) The release of root exudates as affected
by the plant’s physiological status. In: Pinton R, Varanini Z,
Nannipieri P (eds) Rhizosphere. CRC Press Taylor & Francis
Group, Boca Raton, pp 23–72

Oburger E, Gruber B, Schindlegger Y, Schenkeveld WDC, Hann S,
Kraemer SM, Wenzel WW, Puschenreiter M (2014) Root exudation
of phytosiderophores from soil-grown wheat. New Phytol 203:
1161–1174. doi:10.1111/nph.12868

Pausch J, Tian J, Riederer M, Kuzyakov Y (2013) Estimation of
rhizodeposition at field scale: upscaling of a 14C labeling study.
Plant Soil 364:273–285. doi:10.1007/s11104-012-1363-8

Pinton R, Varanini Z, Nannipieri P (2007) The rhizosphere. Biochemistry
and organic substances at the soil-plant interface, 2nd edn. CRC
Press, Boca Raton

Sandnes A, Eldhuset TD, Wollbaek G (2005) Organic acids in root exu-
dates and soil solution of Norway spruce and silver birch. Soil Biol
Biochem 37:259–269. doi:10.1016/j.soilbio.2004.07.036

Schapire AL, Valpuesta V, Botella MA (2009) Plasma membrane repair
in plants. Trends Plant Sci 14:645–652. doi:10.1016/j.tplants.2009.
09.004

Shen J, Yuan L, Zhang J, Li H, Bai Z, Chen X, ZhangW, Zhang F (2011)
Phosphorus dynamics: from soil to plant. Plant Physiol 156:997–
1005. doi:10.1104/pp. 111.175232

Terzano R, Cesco S, Mimmo T (2014) Dynamics, thermodynamics and
kinetics of exudates: crucial issues in understanding rhizosphere
processes. Plant Soil. doi:10.1007/s11104-014-2308-1

Tomasi N, De Nobili M, Gottardi S, Zanin L, Mimmo T, Varanini Z,
Römheld V, Pinton R, Cesco S (2012) Physiological and molecular
characterization of Fe acquisition by tomato plants from natural Fe
complexes. Biol Fertil Soils 49:187–200. doi:10.1007/s00374-012-
0706-1

Tomasi N, Rizzardo C, Monte R, Gottardi S, Jelali N, Terzano R,
Vekemans B, De Nobili M, Varanini Z, Pinton R, Cesco S (2009)
Micro-analytical, physiological and molecular aspects of Fe acqui-
sition in leaves of Fe-deficient tomato plants re-supplied with natural
Fe-complexes in nutrient solution. Plant Soil 325:25–38. doi:10.
1007/s11104-009-0069-z

Tomasi N, Weisskopf L, Renella G, Landi L, Pinton R, Varanini Z,
Nannipieri P, Torrent J, Martinoia E, Cesco S (2008) Flavonoids
of white lupin roots participate in phosphorus mobilization from
soil. Soil Biol Biochem 40:1971–1974. doi:10.1016/j.soilbio.2008.
02.017

Uren NC (2000) Types, amounts and possible functions of compounds
released into the rhizosphere by soil-grown plants. In: Pinton R,

764 Biol Fertil Soils (2015) 51:757–765

http://dx.doi.org/10.1007/s00374-011-0653-2
http://dx.doi.org/10.1007/s11104-009-0266-9
http://dx.doi.org/10.1007/s11368-013-0814-z
http://dx.doi.org/10.1007/s11368-013-0814-z
http://dx.doi.org/10.1111/j.1365-3040.1989.tb01942.x
http://dx.doi.org/10.1111/j.1365-3040.1989.tb01942.x
http://dx.doi.org/10.1111/pce.12208
http://dx.doi.org/10.1016/j.plaphy.2012.04.002
http://dx.doi.org/10.1111/j.1469-8137.2004.01130.x
http://dx.doi.org/10.1111/j.1469-8137.2004.01130.x
http://dx.doi.org/10.1016/0038-0717(84)90025-7
http://dx.doi.org/10.1016/0038-0717(84)90025-7
http://dx.doi.org/10.1093/aob/mcl114
http://dx.doi.org/10.1111/ejss.12158
http://dx.doi.org/10.1016/j.plaphy.2011.08.012
http://dx.doi.org/10.1007/s004250050572
http://dx.doi.org/10.1007/s004250050572
http://dx.doi.org/10.1023/A:1004380832118
http://dx.doi.org/10.1111/nph.12868
http://dx.doi.org/10.1007/s11104-012-1363-8
http://dx.doi.org/10.1016/j.soilbio.2004.07.036
http://dx.doi.org/10.1016/j.tplants.2009.09.004
http://dx.doi.org/10.1016/j.tplants.2009.09.004
http://dx.doi.org/10.1104/pp.%20111.175232
http://dx.doi.org/10.1007/s11104-014-2308-1
http://dx.doi.org/10.1007/s00374-012-0706-1
http://dx.doi.org/10.1007/s00374-012-0706-1
http://dx.doi.org/10.1007/s11104-009-0069-z
http://dx.doi.org/10.1007/s11104-009-0069-z
http://dx.doi.org/10.1016/j.soilbio.2008.02.017
http://dx.doi.org/10.1016/j.soilbio.2008.02.017


Varanini Z, Nannipieri P (eds) The rhizosphere: biochemistry and
organic substances at the soil-plant interface. Marcel Dekker, Inc,
New York, pp 19–40

VanVeen JA, Ladd JN, AmatoM (1985) Turnover of carbon and nitrogen
through the microbial biomass in a sandy loam and a clay soil incu-
bated with [14C(U)]glucose and [15 N](NH4)2So4 under different
moisture regimes. Soil Biol Biochem 17:747–756. doi:10.1016/
0038-0717(85)90128-2

Vranova V, Rejsek K, Skene KR, Janous D, Formanek P (2013) Methods
of collection of plant root exudates in relation to plant metabolism
and purpose: a review. J Plant Nutr Soil Sci 176:175–199

Weisskopf L, Abou-Mansour E, Fromin N, Tomasi N, Santelia D,
Edelkott I, Neumann G, Aragno M, Tabacchi R, Martinoia E
(2006a) White lupin has developed a complex strategy to limit

microbial degradation of secreted citrate required for phosphate ac-
quisition. Plant Cell Environ 29:919–927. doi:10.1111/j.1365-3040.
2005.01473.x

Weisskopf L, Tomasi N, Santelia D,Martinoia E, Langlade NB, Tabacchi
R, Abou-Mansour E (2006b) Isoflavonoid exudation from white
lupin roots is influenced by phosphate supply, root type and
cluster-root stage. New Phytol 171:657–668

Wiedenroth E, Poskuta J (1981) The influence of oxygen deficiency in
roots on CO2 exchange rates of shoots and distribution of
14C-photoassimilates of wheat seedlings. Z Pflanzenphysiol
103:459–467

Zancan S, Cesco S, Ghisi R (2006) Effect of UV-B radiation on iron
content and distribution in maize plants. Environ Exp Bot 55:266–
272

Biol Fertil Soils (2015) 51:757–765 765

http://dx.doi.org/10.1016/0038-0717(85)90128-2
http://dx.doi.org/10.1016/0038-0717(85)90128-2
http://dx.doi.org/10.1111/j.1365-3040.2005.01473.x
http://dx.doi.org/10.1111/j.1365-3040.2005.01473.x

	Influence of different trap solutions on the determination of root exudates in Lupinus albus L.
	Abstract
	Introduction
	Materials and methods
	Plant growth
	Collection of root exudates
	Root extractions
	Organic acid and flavonoid analysis
	Statistical analysis

	Results
	Release of organic acids
	Release of flavonoids
	Root exudates vs root content ratio

	Discussion
	Conclusions
	References


