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Abstract

Aims Plants deploying a phosphorus (P)-mobilising
strategy via carboxylate release have relatively high leaf
manganese concentrations ([Mn]). Thus, leaf [Mn] is a
proxy for the amount of rhizosheath carboxylates.
Whether the concentrations of other leaf micronutrient,
such as iron ([Fe]), zinc ([Zn]) and copper ([Cu]), show
a similar signal for rhizosheath carboxylates is unclear.
Methods We grew a large number of chickpea geno-
types in two glasshouse studies with different growth
media, P sources and P levels. Seven weeks after sow-
ing, we determined concentrations of micronutrients in
mature leaves, and the quantity and composition of
rhizosheath carboxylates.

Results For 100 genotypes grown in river sand with low
P supply, leaf [Fe] (R? = 0.36) and [Zn] (R* = 0.22), like
leaf [Mn] (R*=0.38), were positively correlated with
the total amount of rhizosheath carboxylates. For 20
genotypes grown in a soil mixture, leaf [Fe], [Zn],
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[Cu] and [Mn] showed positive correlations with total
rhizosheath carboxylates that were stronger under mod-
erately low P (R2 =0.59, 0.59, 0.54, 0.72) than severely
low P (R?=0.39, 0.28, 0.20, 0.36) or sufficient P (R* =
0.36, 0.00, 0.01, 0.50) supply. Malonate was the pre-
dominant carboxylate in the rhizosheath and was signif-
icantly correlated with leaf micronutrient concentrations
in both experiments.

Conclusions In addition to leaf [Mn], leaf [Fe] and [Zn]
can be used as alternative and easily measurable proxies
for belowground carboxylate-releasing processes in
chickpea under low-P supply, particularly on moderate-
ly low-P soils.
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Introduction

The release of carboxylates by plant roots into the
rhizosphere mobilises sparingly-available sources of in-
organic and organic phosphorus (P) in soil, and is a
well-known P-mining strategy for improving P acquisi-
tion, especially when soil P availability is low (Jones
1998; Dakora and Phillips 2002; Lambers et al. 2006;
Shen et al. 2011). However, due to the technical diffi-
culties and laboriousness of collecting and measuring
rhizosphere carboxylates (Kidd et al. 2018; Oburger and
Jones 2018; Wang and Lambers 2019), their character-
istics and roles are frequently ignored by agronomists
and plant breeders, especially under field conditions
(Neumann et al. 2009; Lambers et al. 2015; Oburger
and Schmidt 2016). Research under agronomically-
relevant field conditions is crucial for assessing the
importance of any trait considered a potential breeding
target (Sadras et al. 2020). Hence, an easily measurable
proxy for the assessment of belowground carboxylate-
releasing processes in the field would be an invaluable
tool for researchers and, potentially, crop breeders.
There is ample evidence that the release of carboxyl-
ates by plant species with cluster roots into the rhizo-
sphere mobilises not only soil inorganic and organic P,
but also a range of micronutrients (e.g., Fe, Mn, Zn and
Cu) (Gardner et al. 1982a, b; Dinkelaker et al. 1989;
Shane and Lambers 2005; Lambers et al. 2015; Oliveira
et al. 2015; Delgado et al. 2021). For instance, Gardner
et al. (1982a, b) found a positive correlation between
shoot manganese concentration ([Mn]) in white lupin
(Lupinus albus L.) and the dry weight ofits cluster roots,
the main site for the release of carboxylates and
reduction of MnO, in the rhizosphere. Similarly,
Shane and Lambers (2005) reported that [Mn] and zinc
concentration ([Zn]) in old leaves of Hakea prostrata
increased under low P supply, and attributed this to the
increased cluster-root formation and release of carbox-
ylates. Across a coastal dune chronosequence in Jurien
Bay, Western Australia, non-mycorrhizal species had
greater leaf [Mn] than co-occurring mycorrhizal species
which was associated with most non-mycorrhizal spe-
cies on soils with very low P availability releasing
relatively large amounts of rhizosheath carboxylates,
expressing a typical P-mining strategy (Hayes et al.
2014; Lambers et al. 2015). Similar patterns have also
been reported in Brazilian campos rupestres with acidic
P-impoverished soils (Oliveira et al. 2015). By
analysing a trait dataset for 727 species at 66 sites in
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Australia and New Zealand, Lambers et al. (2021) found
that mycorrhizal plants had lower leaf [Mn] than plants
with carboxylate-releasing roots. Likewise, when wheat
(Triticum aestivum L.) was intercropped with white
lupin, a higher leaf [Mn] was observed in wheat, imply-
ing that Mn uptake in wheat was facilitated by its
cluster-rooted neighbour with greater carboxylate re-
lease (Gardner and Boundy 1983). Overall, these find-
ings suggest that plants that release a relatively large
amount of carboxylates tend to have relatively high leaf
[Mn], especially under low-P conditions.

Further to the findings in plant species with cluster
roots, the relationship between leaf [Mn] and below-
ground carboxylates has been confirmed in carboxylate-
releasing species without cluster roots (Pang et al. 2018;
Wen et al. 2020; Yu et al. 2020). Our recent studies
revealed a positive correlation between mature leaf [Mn]
and the total amount of rhizosheath carboxylates under
low P supply among 100 chickpea (Cicer arietinum L.)
genotypes (Pang et al. 2018), and under varying P levels
among 20 genotypes (Wen et al. 2020). In 19 steppe
species, Yu et al. (2020) also found that P-mobilising
species, which release more carboxylates, always had
greater Olsen-P concentrations in rhizosheath soil and
leaf [Mn] than non-P-mobilising species. However, 1)
carboxylates not only mobilise P and Mn, but also a
range of other micronutrients (e.g., Fe, Zn and Cu)
(Dinkelaker et al. 1989; Jones et al. 2003; Shane and
Lambers 2005; Suriyagoda et al. 2012); 2) Fe?*, Mn**
and Zn>* have similar chemical properties, and share
common transporters in root cells (Puig and Pefarrubia
2009; Socha and Guerinot 2014; Andresen et al. 2018);
3) the phloem mobility of Fe, Mn, Zn and Cu is rela-
tively low, and hence these ions mainly accumulate in
mature organs (such as old leaves) (White 2012a).
Therefore, in addition to leaf [Mn], other leaf
micronutrients, in particular [Fe], [Zn] and [Cu], might
be proxies for rhizosheath carboxylates (Fig. 1).

Increased root release of carboxylates is a typical
response to P deficiency in many plant species (Shane
et al. 2008; Pearse et al. 2007; Zhang et al. 2016; Zhou
et al. 2016). Neumann and Rémheld (1999) reported
that a single genotype of chickpea increased carboxylate
release under P deficiency, but this response was not
observed in several later chickpea studies (Wouterlood
et al. 2004a, b, 2005; Lyu et al. 2016; Wen et al. 2019).
Our recent study of 20 chickpea genotypes showed that
the total amount of rhizosheath carboxylates expressed
per root dry weight strongly increased with increasing
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soil P availability, indicating that the release of total
rhizosheath carboxylates in chickpea was not enhanced
by low soil P availability (Wen et al. 2020). However,
we still know little about whether and how chickpea
adjusts the composition of rhizosheath carboxylates in
response to increasing soil P availability. Moreover,
with increasing soil P availability, the effects of growth
dilution of nutrient accumulation became noticeable
(Jarrell and Beverly 1981). For chickpea, given that leaf
[Mn] was consistently correlated with rhizosheath car-
boxylates under contrasting soil P supply (Wen et al.
2020), whether leaf [Fe], [Zn] and [Cu] also show stable
signals for the amount of rhizosheath carboxylates needs
to be tested, as well as the relative contribution of the
predominant rhizosheath carboxylates for the accumu-
lation of leaf micronutrients.

To address the above questions, we analysed leaf
micronutrient concentrations (i.e. Fe, Zn and Cu) and
the amount and composition of rhizosheath
carboxylates in 100 chickpea genotypes grown under
low P supply from the experiment undertaken by Pang
etal. (2018) and 20 chickpea genotypes grown at three P
levels from the experiment undertaken by Wen et al.
(2020). We tested three hypotheses: (1) in addition to
leaf [Mn], the concentrations of other leaf
micronutrients (i.e. Fe, Zn and Cu) can provide alterna-
tive and easily-measurable proxies for the assessment of
belowground carboxylate-releasing processes under
low-P conditions (see Fig. 1 for a conceptual
framework); (2) soil P availability mediates the compo-
sition of rhizosheath carboxylates, and the dominant
components of rhizosheath carboxylates play key roles
in leaf micronutrient accumulation; (3) the indicative
signals provided by leaf micronutrient concentrations
are modified by increasing soil P availability, due to
the incremental effects of growth dilution of the
micronutrients.

Materials and methods
Experiment 1: River sand culture experiment

We explored genotypic variation in leaf micronutrient
concentrations (Fe, Zn and Cu) and the potential rela-
tionship between leaf micronutrient concentrations and
the amount of rhizosheath carboxylates (total or indi-
vidual) under low P supply. A pot experiment was
conducted in a controlled glasshouse with 100 chickpea

genotypes grown in sterilised washed river sand with a
growth-limiting P supply, 10 mg P kg ! soil as FePOy;
for a detailed description, see Pang et al. (2018). Nota-
bly, all micronutrients (Mn, Fe, Cu and Zn) were artifi-
cially supplemented: 3.90 mg Mn kg ', as MnSO,-H,0;
438 mg Fe kg ', as EDTA-FeNa and 18 mg Fe kg '
accompanied by FePO, addition; 2 mg Zn kg ', as
ZnS047H,0; and 0.50 Cu mg kg, as CuSOy4-5H,0.
At harvest (49 days after sowing), mature (fully expand-
ed) leaves on the main stem (including all shed leaves)
were collected for leaf micronutrient analyses and the
rhizosheath soil was collected for analysis of
rhizosheath carboxylates (see details in ‘Measurements’
section).

Experiment 2: Soil mixture culture experiment

We investigated the responses of leaf micronutrient
concentrations (Fe, Zn and Cu) and the amount of
rhizosheath carboxylates (total or individual) to con-
trasting soil P availability and their potential relevance.
According to the results of Experiment 1, 20 chickpea
genotypes with different amounts of rhizosheath car-
boxylates (relative to root dry weight, RDW) were se-
lected (18-104 pmol g71 RDW). Three P treatments
were applied: (1) FeP10, 10 mg P kg ' soil with severely
growth-limiting P supply, as insoluble FePO, (extra
pure, Acros Organics, Morris Plain, NJ, USA); (2)
KP10, 10 mg P kg™' soil with moderately growth-
limiting P supply, as soluble KH,POy,; and (3) KP50,
50 mg P kg ! soil with sufficient P supply, as soluble
KH,PO,. Details of the experiment are included in Wen
et al. (2020). Briefly, a sandy loam soil was obtained
from the top layer (0-15 cm) of unfertilised native grass
vegetation sites located at the Future Farm of the Uni-
versity of Western Australia, Pingelly, Western Austra-
lia (32.51°S, 116.99°E). Soil was air-dried and then
passed through a 2-mm sieve. To decrease plant-
available soil P levels and to facilitate the collection of
rhizosheath carboxylates and root samples (Mimmo
et al. 2011), we mixed the field soil with sterilised
washed river sand (w/w=1:9). The soil mixture
contained: 2.5 mg kg~' Colwell-P; 15.1 mg kg
DTPA-Mn; 13.1 mg kg ' DTPA-Fe; 0.68 mg kg '
DTPA-Zn and 0.27 mg kg ' DTPA-Cu (Lindsay and
Norvell 1978), except for an additional 18 mg Fe kg,
accompanied with FePO, addition, in the FeP10 treat-
ment. Similar to Experiment 1, mature leaves on the
main stem were collected at harvest (53 days after
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Leaf micronutrient

Fig. 1 Conceptual diagram illustrating how the concentration of
specific leaf micronutrients can be used as an easily-measurable
proxy for belowground carboxylate-releasing processes in chick-
pea (Hypothesis 1). Arrow 1: Carboxylates in the rhizosheath not
only mobilise insoluble soil phosphorus (P), but also a range of

sowing) for leaf micronutrient analyses, as well as
rhizosheath soil for analysis of rhizosheath carboxylates
(see detailed procedures in ‘Measurements’ section).

Measurements

Leaf micronutrient analyses: at harvest, shoots were
separated from roots; mature leaves (fully expanded) on
the main stem (including shed leaves) were collected
separately. All samples were dried at 70 °C for 72 h to
constant weight, and ground separately to a fine powder
using a Geno/Grinder 2010 (Spex SamplePrep,
Metuchen, NJ, USA). Weighed subsamples, ¢. 100 mg,
were digested using a concentrated HNO;—HCIO,4 (v/v =
3:1) mixture. The concentrations of Mn, Fe, Zn and Cu in
mature leaves were determined by an inductively coupled
plasma-optical emission spectrometer (ICP-OES, OPTI-
MA 5300 DV, Perkin—Elmer, Shelton, CT, USA).
Rhizosheath carboxylate analyses: at harvest, in-
tact root systems were removed from the soil/sand

@ Springer

concentrations

v

Rhizosheath carboxylates

Uptake _Q @ o o
. O >
1 @
(P)
Mobilisation
- \Release M
Ca Pi
Carboxylates =9 N&-H2e)
Al Pi Fe-Pi o
* Al-po I\ Fe-Poge
Soil particles
Rhizosheath

micronutrients (e.g., Mn, Fe, Zn, Cu) adsorbed onto soil particles;
arrow 2: increased root uptake of mobilised micronutrients in the
rhizosheath; arrow 3: increased concentration of micronutrients in
mature leaves

and gently shaken to remove loosely adhering soil/
sand (considered to be bulk soil /sand), leaving the
tightly adhering soil/sand around the roots that was
defined as rhizosheath soil/sand (Pang et al. 2017).
Roots and rhizosheath soil were transferred to a bea-
ker containing a known amount of 0.2 mM CaCl,
that varied depending on root volume (Pearse et al.
2007). Roots were repeatedly dunked into the solu-
tion until as much rhizosheath soil as possible was
removed, taking care to minimise root damage. The
rhizosheath extract was filtered through a 0.45-um
syringe filter into a 1-mL high-performance liquid
chromatography (HPLC) vial. The HPLC samples
were acidified with a drop of concentrated phospho-
ric acid and frozen at —20 °C until analysis. The
analyses of carboxylates followed the method de-
scribed by Cawthray (2003). The 11 carboxylic acid
working standards included acetic, citric, cis-
aconitic, fumaric, lactic, malic, malonic, maleic, shi-
kimic, succinic and trans-aconitic acids.
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Data analysis

In Experiment 1, to determine the genotypic variation in
leaf micronutrient concentrations (i.e. [Fe], [Zn] and
[Cu]) and the amount and composition of rhizosheath
carboxylates in 100 chickpea genotypes, the coefficient
of variation (CV) of leaf micronutrient concentrations
and the amount of rhizosheath carboxylates (including
total and individual) were calculated as the ratio of the
standard deviation to the mean. The relationships be-
tween leaf micronutrient concentrations and the amount
of rhizosheath carboxylates (total and individual) were
assessed by linear regression analysis using the R pack-
age ‘“AGRICOLAE’ (de Mendiburu 2017). Acetate was
excluded from the total amount of rhizosheath carbox-
ylates when assessing the relationship between leaf mi-
cronutrient concentrations and total amount of
rhizosheath carboxylates because it is mainly produced
by microbes in the rhizosheath (Saarnio et al. 2004) and,
as a monocarboxylate, contributes little to mobilising
soil P and micronutrients, unlike di- and tricarboxylates
(Jones and Brassington 1998).

In Experiment 2, to determine how leaf micronutrient
concentrations and the amount of thizosheath carboxyl-
ates among 20 chickpea genotypes responded to con-
trasting soil P availability, we used a two-way analysis
of variance (ANOVA) with a randomised block to ex-
amine the effects of P treatments, genotypes, and their
interaction on leaf micronutrient concentrations and the
composition of rhizosheath carboxylates using the R
package ‘AGRICOLAE’ (de Mendiburu 2017). Signif-
icant differences among means in each P treatment were
based on Tukey’s HSD post-hoc analysis (P <0.05).
The relationships between leaf micronutrient concentra-
tions and the amount of rhizosheath carboxylates were
also assessed by linear regression analysis as described
above. All statistical analyses were performed using R
Version 4.0.2 (R Development Core Team 2020).

Results

Leaf micronutrient concentrations and the amount
of rhizosheath carboxylates in a large set of chickpea
genotypes under low-P condition (experiment 1)

Across 100 chickpea genotypes, we observed signifi-
cant intraspecific variation in leaf micronutrient concen-
trations (i.e. [Fe], [Zn] and [Cu]) and the quantity and

composition of rhizosheath carboxylates under low-P
condition (P <0.001; Fig. 2). The predominant carbox-
ylates in the rhizosheath were malonate, acetate, citrate
and malate, which contributed to 99% of the amount of
carboxylates detected in the rhizosheath (relative to
RDW; Pang et al. 2018). Among the four predominant
rhizosheath carboxylates, the concentration decreased
in the order: malonate > acetate > citrate > malate
(Fig. 2a-d), malonate ranged from 14.1 to 83 pmol g’
RDW (CV =33%); acetate ranged from 1.8 to
16.7 umol g_1 RDW (CV =29%); followed by citrate
(2.0 to 13.3 pumol gf1 RDW, CV =33%) and malate
(0.4 t0 4.9 umol g ' RDW, CV =35%). The concentra-
tion of leaf micronutrients also varied among genotypes
(Fig. 2e-g): compared with the variation of leaf [Mn]
(743 to 3606 png gfl, CV =32%; Pang et al. 2018), leaf
[Fe] ranged from 540 to 2982 ug g ' (CV =43%); leaf
[Zn] ranged from 145 to 468 ug g ' (CV =23%); leaf
[Cu] ranged from 8.2 to 25.7 ug g ' (CV =22%). The
mean values of leaf [Mn], [Fe] and [Zn] were up to 37-
fold, 13-fold and 14-fold greater than that considered
adequate for crop growth, respectively (Fig. 2; Epstein
and Bloom 2005), while leaf [Cu] was only 2.6-fold
greater than the critical level (Fig. 2).

Linking leaf micronutrient concentrations with be-
lowground carboxylate-releasing processes, similar to
leaf [Mn] (R*=0.38; Pang et al. 2018), leaf [Fe] and
[Zn] had positive correlations with the total amount of
rhizosheath carboxylates ([Fe]: R?= 0.36, P<0.001;
[Zn]: R’= 0.22, P<0.001; Fig. 3); whereas no correla-
tion was observed for leaf [Cu] and total rhizosheath
carboxylates (P> 0.05; Fig. 3). Analogously, leaf [Fe]
(R*=0.45) and [Zn] (R*=0.28), like leaf [Mn] (R®=
0.48; Pang et al. 2018) were positively correlated with
the amount of rhizosheath malonate (Fig. 3); conversely,
leaf [Fe] and [Zn] had negative correlations with the
amount of citrate and malate (Figs. S1, S2), and no
correlation was found between leaf [Cu] and the amount
of individual carboxylates in the rhizosheath (Figs. 3,
S1, S2).

Leaf micronutrient concentrations in 20 chickpea
genotypes with different amounts of rhizosheath

carboxylates under contrasting soil P availability
(experiment 2)

Rhizosheath carboxylates showed substantial genotypic

variability in response to contrasting soil P availability
among 20 chickpea genotypes (Fig. 4, Table S1).
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ment 1. Data are for 100 chickpea genotypes grown in sterilised
washed river sand with a growth-limiting supply of phosphorus
(P), 10 mg P kg™ dry soil as FePO,. The dashed line represents the

Similar to the observation in Experiment 1, four main
carboxylates comprising malonate, acetate, citrate and
malate, accounted for 99% of the amount of carboxyl-
ates detected in the rhizosheath in each P treatment
(Fig. S3); all four predominant rhizosheath carboxylates
showed significant genotypic variation in the amount
and percentage in each P treatment (Figs. 4, S3;
Table S1). With increasing soil P availability, the
amount of malonate, citrate and malate increased signif-
icantly (P<0.05, Fig. 4), while the amount of acetate
decreased (Fig. 4b). The percentage of malonate and
malate also increased with increasing soil P availability,
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while that of acetate and citrate showed a significant
decrease or was relatively stable, respectively (Fig. S3).

The concentrations of leaf micronutrients also
expressed large intraspecific variability in the three P
treatments (Fig. 5, Table S1). Across 20 genotypes, the
average value of leaf micronutrient concentration de-
creased in the order: leaf [Mn]>[Fe]>[Zn]>[Cu] in
each P treatment (Fig. 5). With increasing soil P avail-
ability, leaf [Mn] and [Fe] showed a significant increase
(P<0.05, Fig. 5a, b), while leaf [Zn] and [Cu] increased
from FeP10 to KP10 initially, and then decreased in
KP50 (Fig. 5c, d). In contrast, the mean values of leaf
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[Mn], [Fe] and [Zn] in each P treatment were greater
than the adequate levels (except for leaf [Fe] in FeP10),
whereas the mean value of leaf [Cu] was lower than the
adequate level in each P treatment (Fig. 5; Epstein and
Bloom 2005).

b 20004 " °
R?=0.45 ®
P< 0.001
2000
1000 -
d
4001
300 -
2001
[ ]
20 40 60 80
f &
25
R=002, ®¢ o
NS
... & I z
201 o0 % °
o® F 4 °
oo'?a.._._.. e. —-.;‘ "
15"'.0'0.-0 Soo o o'W
° [ 1) ) :..
ee,%e, bl
o S o" L]
10 ®
[ J
[ ]
20 40 60 80

Malonate (umol g* RDW)

river sand with a growth-limiting supply of phosphorus (P), 10 mg
P kg dry soil as FePO,. The shaded areas indicate the 95%
confidence range, derived from the models. Total carboxylates
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The correlations between the concentrations of leaf
micronutrients and the amount of rhizosheath carboxyl-
ates (total and individual) were analysed for each P
treatment (Figs. 6, 7, S4, S5). For FeP10 and KP10, leaf
[Fe], [Zn] and [Cu] (R®=0.28-0.64), like leaf [Mn]
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(R?=0.36-0.72; Wen et al. 2020), were positively cor-
related with the total amount of rhizosheath carboxyl-
ates or that of malonate (all P <0.01, Figs. 6, 7). In
KP50, only leaf [Fe] (R*=0.36, P<0.01) and leaf [Mn]
(R?=0.50, P<0.01; Wen et al. 2020) were correlated
with the total rhizosheath carboxylates or malonate,
while leaf [Zn] and [Cu] had no correlation (all
P>0.05, Figs. 6, 7). In contrast, the correlations be-
tween leaf micronutrient concentrations and total
rhizosheath carboxylates or malonate in KP10 (e.g.,
total carboxylates: R?=0.54-0.59) was consistently
stronger than that in FeP10 (e.g., total carboxylates:
R?=0.28-0.39) and KP50 (e.g., total carboxylates:
R?=0-0.36; Figs. 6, 7). Regardless of P treatment, the
concentrations of all four leaf micronutrients (i.e. [Mn],
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FeP10 KP10 KP50

P treatments

median, and 25th and 75th percentiles. The whiskers extend to 1.5
times the interquartile range. Data presented beyond whiskers are
outliers. Different upper letters denote significant differences
among P treatments (based on Tukey’s post-hoc analysis, P <
0.05). Please note the different scales of the y-axes

[Fe], [Zn] and [Cu]) had no correlation with the amount
of rhizosheath citrate or malate (Figs. S4, S5).

Discussion

Leaf micronutrient concentrations provide proxies
for rhizosheath carboxylates in chickpea under low-P
conditions

Carboxylates released from plant roots not only mobi-
lise insoluble soil P, but also solubilise a range of
micronutrients in the rhizosphere, and subsequently in-
crease the uptake of micronutrients by plants, especially
that of Mn (Gardner et al. 1982a, b; Dinkelaker et al.
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Fig. 5 Boxplots showing the concentration of a manganese
([Mn])), b iron ([Fe]), ¢ zinc ([Zn]) and d copper ([Cu]) in mature
leaves on the main stem of 20 chickpea genotypes with contrasting
amounts of thizosheath carboxylates in response to three phospho-
rus (P) treatments (Experiment 2). FeP10: 10 mg P kg ' soil as
FePO,; KP10 and KP50: 10 and 50 mg P kg_1 soil as KH,POy,
respectively. The dashed line represents the average concentration

1989, 1995; Shane and Lambers 2005; Oliveira et al.
2015). Consistent with this effect, under low-P condi-
tions, we found that not only leaf [Mn], but also leaf [Fe]
and [Zn] provided proxies for the assessment of below-
ground carboxylate-releasing processes in chickpea.
Specifically, similar to leaf [Mn] (Pang et al. 2018;
Wen et al. 2020), leaf [Fe] and [Zn] showed a positive
correlation with the total amount of rhizosheath carbox-
ylates (relative to RDW) in both experiments under low
P supply; conversely, the correlation for leaf [Cu] was
not consistent, and only found in Experiment 2 (under
FeP10 and KP10 treatments). Thus, our first hypothesis
(Fig. 1) was partly supported. Remarkably, we noted
that the signals provided by different leaf micronutrients

of corresponding leaf micronutrient that is generally considered
adequate for crop growth (Epstein and Bloom 2005). The boxplots
show the median, and 25th and 75th percentiles. The whiskers
extend to 1.5 times the interquartile range. Data presented beyond
whiskers are outliers. Different upper letters denote significant
differences among P treatments (based on Tukey’s post-hoc anal-
ysis, P <0.05). Please note the different scales of the y-axes

(i.e. Mn, Fe, Zn and Cu) were not uniform, as further
discussed below.

The strong correlation of leaf [Fe] with the total
amount of rhizosheath carboxylates across a wide range
of leaf [Fe] was unexpected, because plant Fe uptake is
generally considered to be more tightly controlled than
that of Mn and Zn, and thus Fe toxicity is avoided in
most plant species (Baxter et al. 2008; Thomine and
Vert 2013; Jeong et al. 2017). In the present study, we
found that a large quantity of both Mn and Fe accumu-
lated in mature chickpea leaves (similar concentration
ranges) and that their concentrations were strongly cor-
related with the total amount of rhizosheath carboxyl-
ates. In contrast, leaf [Mn] in Hakea prostrata was
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tightly correlated with biomass investment in cluster
roots, while leaf [Fe] was relatively stable (Shane and
Lambers 2005). In white lupin, Dinkelaker et al. (1989)
showed that low P significantly increased the availabil-
ity of soil micronutrients around the cluster root zones,
i.e. DTPA-Fe, DTPA-Mn, and DTPA-Zn. Manganese

@ Springer

KP10 and KP50: 10 and 50 mg P kg ' soil as KH,PO,, respec-
tively. The shaded areas indicate the 95% confidence range, de-
rived from the models. Total carboxylates: total amount of
rhizosheath di- and tricarboxylates relative to root dry weight
(RDW)

mainly accumulated in shoots of white lupin (shoot
[Mn]: 720 pg g ', root [Mn]: 160 pg g '), while Fe
was intercepted in roots (shoot [Fe]: 62 ug g '; root
[Fe]: 2167 ug g "), particularly in intercellular spaces
(i.e. in the apoplast) of the epidermis and outer cortex
(Gardner et al. 1983; Dinkelaker et al. 1989). The
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divergences in Fe allocation between chickpea and
white lupin suggest that different mechanisms operate
in the two species. Accumulation of Fe in the apoplast of
lupin roots may trigger the formation of cluster roots
(Zhou et al. 2020). Interestingly, chickpea synthesises
and exudes a large amount of carboxylates from its
leaves, stems and pods (Koundal and Sinha 1983;
Stevenson et al. 2010; Devi et al. 2014; Gross et al.
2021). This unusual characteristic may help chickpea to
detoxify and tolerate high Fe concentrations in mature
leaves, as there is considerable evidence showing that
carboxylates play a key role in the complexation of
metal ions in leaves (Sun et al. 2006; Tian et al. 2011;
Leitenmaier and Kiipper 2013). To date, the mecha-
nisms underlying the contrasting patterns in distribution
of micronutrients (e.g., Mn and Fe) between shoots and
roots are not fully understood, and these merit further
study through consideration of more species.

The concentration ranges of four micronutrients (Mn,
Fe, Zn and Cu) in chickpea leaves differed significantly,
with leaf [Mn] and [Fe] remarkably higher in magnitude
than leaf [Zn] and [Cu] in both experiments, indicating
that the signals provided by leaf [Mn] and [Fe] were
stronger than those of leaf [Zn] and [Cu]. Similar results
were obtained for other species, especially when plants
were cultivated on acid soils rich in available Mn and
Fe, e.g., durum wheat (Triticum turgidum L. var.
durum, Karagiannidis and Hadjisavva-Zinoviadi
1998), upland rice (Oryza sativa L., Fageria et al.
2002), and 12 forage species (Lindstrom et al. 2013).
This reflects inherent differences in the demand or tol-
erance of leaf micronutrients (Mn, Fe, Zn and Cu)
among plant species. Compared with the average con-
centrations of leaf micronutrients considered adequate
for crop growth (Epstein and Bloom 2005), leaf [Mn],
[Fe] and [Zn] were significantly higher than these ade-
quate levels ([Mn]>50 pg g '; [Fe]>100 pg g ';
[Zn]>20 ug g "), leaf [Cu] in Experiment 1 was slight-
ly higher than the critical level ([Cu]>6 pug g '), but
lower in Experiment 2. These contrasting variation
ranges in leaf [Cu] may account for the different corre-
lations between leaf [Cu] and the total amount of
rhizosheath carboxylates observed in the two experi-
ments. Contrary to the other three leaf micronutrients
(IMn], [Fe] and [Zn]), we surmise that leaf [Cu] is only
correlated with rhizosheath carboxylates when leaf [Cu]
is below sufficiency level in Experiment 2 (<6 ug g ';
Fig. 5c), and hence there is no correlation when leaf
[Cu] is adequate for plant growth in Experiment 1

@ Springer

(> 6 ug g '; Fig. 2g). Overall, the narrow range and
unstable signals of leaf [Cu] discount it as a proxy for
the assessment of belowground carboxylate-releasing
processes under low-P conditions.

Responses of leaf micronutrient concentrations
to rhizosheath carboxylates in chickpea
under contrasting soil P availability

As shown in Wen et al. (2020), chickpea strongly in-
creases the total amount of rhizosheath carboxylates
with increasing soil P availability, suggesting carboxyl-
ate exudation may be a mechanism to dispose of excess
carbon in chickpea (Prescott et al. 2020). In this study,
we found that malonate, acetate, citrate and malate
comprised the main carboxylates in the rhizosheath of
chickpea, in accordance with previous studies, which
reported malonate, citrate and malate as the predominant
rhizosheath carboxylates (Veneklaas et al. 2003;
Wouterlood et al. 2004a, b, 2005). Acetate (possibly
as a microbial product in the rhizosheath; Saarnio et al.
2004) also accounted for a moderate proportion of car-
boxylates detected in both experiments, but as a mono-
carboxylate, it will contribute little to the mobilisation of
soil P and micronutrients (Jones and Brassington 1998).
Among the four main rhizosheath carboxylates, the
amount and percentage of malonate and malate in-
creased with increasing soil P availability, while the
percentage of acetate and citrate showed a significant
decrease or was relatively stable. These results validate
our second hypothesis that soil P availability mediates
the composition of rhizosheath carboxylates. Further-
more, our results show that only malonate was tightly
and positively correlated with both total rhizosheath
carboxylates and the concentrations of leaf
micronutrients (i.e. Mn and Fe in both experiments),
implying that malonate as the predominant carboxylate
in the rhizosheath of chickpea, plays the key role in the
accumulation of leaf micronutrients. Therefore, our
second hypothesis was fully supported.

With increasing soil P availability, the greater
amount of total rhizosheath carboxylates under KP10
and KP50, relative to the FeP10 treatment, was also
reflected in increased [Mn] and [Fe] in mature leaves.
Similar results have been reported by Huang et al.
(2017), who found that the seedlings of Western Aus-
tralian peppermint tree (Agonis flexuosa L.) showed an
increase in the total amount of rhizosheath carboxylates
and leaf [Mn] concurrently in response to increasing soil
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P availability. In the present study, leaf [Zn] and [Cu] in
chickpea responded differently from that of leaf [Mn]
and [Fe] to increasing soil P availability: leaf [Zn] and
[Cu] initially increased when supplied with 10 mg P
kg ! as KH,PO,, then decreased when supplied with
50 mg P kg ' as KH,POy,, suggesting that the signals of
leaf [Zn] and [Cu] are modified by increasing soil P
availability (hypothesis 3). There are three possible ex-
planations. First, this may result from a balance between
the dilution by growth (Jarrell and Beverly 1981) and
the mobilisation effect of carboxylates: under KP50,
total rhizosheath carboxylates increased relative to those
in KP10, but leaf [Zn] and [Cu] decreased, indicating
that the biomass dilution effect was greater than the
mobilisation effect of carboxylates; moreover, the con-
centrations of both Zn and Cu in soil and leaves were
inherently lower in magnitude than those of Mn and Fe,
thus, the signals provided by leaf [Zn] and [Cu] were
more affected by biomass dilution than those by leaf
[Mn] and [Fe]. Second, a decrease in leaf [Zn] and [Cu]
may be related to the interactions between P and
micronutrients (Tsai and Schmidt 2017). A high soil P
supply inhibited plant Zn and Cu uptake, as have been
well documented (Touchton et al. 1980; Haldar and
Mandal 1981; Zhang et al. 2017, 2020). We have no
explanation for the mechanism of chickpea selectively
maintaining substantial Mn and Fe uptake under KP50,
but note that similar results have been reported for other
species (Huang et al. 2017; Zhang et al. 2020). Third,
antagonistic interactions between micronutrients may
also contribute to a decrease in leaf [Zn] and [Cu] under
KP50. Competition for root uptake between ions carry-
ing the same charge has been shown in most experimen-
tal conditions (White 2012b; He et al. 2017; Andresen
et al. 2018); thus, we assume that the enhanced absorp-
tion of Mn and Fe under KP50 may decrease Zn and Cu
uptake in chickpea plants.

Remarkably, we found that the correlations between
leaf micronutrient concentrations (i.e. leaf [Mn], [Fe]
and [Zn]) and rhizosheath carboxylates in KP10 (R?>
0.5) were consistently stronger than those in FeP10 and
KP50 (R? < 0.5; Figs. 6, 7), suggesting the proxies work
best under moderate soil P availability. This can also be
explained by soil P availability affecting the balance
between the dilution effect through growth (Jarrell and
Beverly 1981) and the mobilisation effect of carboxyl-
ates as discussed above. Under severely low soil P
availability (FeP10), the lower amount of rhizosheath
carboxylates may be the key factor limiting soil

micronutrient mobilisation (Fig. 4). In contrast, under
sufficient P supply (KP50), while total rhizosheath car-
boxylates increased, the shoot biomass increased much
faster (Wen et al. 2020), and thus the effect of biomass
dilution presumably dominated over the signals provid-
ed by leaf micronutrients. Therefore, the correlations
under moderately low-P supply remained consistently
tighter than those under either severely low- or sufficient
soil P availability.

Conclusions and perspectives

We demonstrated that, in addition to leaf [Mn], leaf [Fe]
and [Zn] can be used as easily measurable proxies for
the amount of rhizosheath carboxylates in a range of
chickpea genotypes under low-P supply, especially on
moderately low-P soils. Furthermore, the composition
of rhizosheath carboxylates was affected by soil P avail-
ability. Malonate, as the predominant carboxylate in the
rhizosheath of chickpea, consistently played a key role
in the accumulation of leaf micronutrients. Finally, our
results show that the signals provided by leaf [Mn] and
[Fe] were stronger than those of leaf [Zn] and [Cu], and
less influenced by high soil P availability.

To date, the accurate quantification of carboxylates in
soil, particularly a real-time monitoring, is still a major
technical challenge, as carboxylates are easily absorbed
by soil particles and decomposed by soil microbes.
Though the correlation coefficient between leaf micro-
nutrient concentrations and the amount of rhizosheath
carboxylates is not extremely high in our study, as
carboxylates could be affected by many factors includ-
ing soil properties, plant characteristics and the interplay
between the uptake of micronutrients and macronutri-
ents in plants. Our study has obviously opened a possi-
bility of using easily measurable aboveground indices to
indicate a belowground carboxylate-releasing P-acqui-
sition strategy. The significant correlation between the
concentration of leaf micronutrients (especially leaf
[Mn] and [Fe]) and the amount of rhizosheath carbox-
ylates observed in chickpea may also be applicable to
other crops, especially grain legumes, providing a valu-
able screening tool for rapidly identifying genotypes
with high P-acquisition efficiency on low-P soils. To
take advantage of our findings further, we propose to
explore the correlation between leaf micronutrients and
rhizosheath carboxylates in a wider range of crop spe-
cies and under different growth conditions.
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