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Abstract

The objectives of this paper were to determine (1) if lowland rice (Oryza sativa L.) plants respond similarly
to low zinc (Zn) and phosphorus (P) availability by increased root exudation of low-molecular weight
organic anions (LMWOASs) and (2) if genotypic variation in tolerance to low soil supply of either Zn or P is
related to LMWOA exudation rates. Exudation of LMWOAs can increase bioavailability of both Zn and P
to the plant, through partly similar chemical mechanisms. We used seven lowland rice genotypes and
showed in two experiments that genotypes that grow relatively well on a soil with low Zn availability also
grow well on a sparingly soluble Ca-phosphate (r=0.80, P=0.03). We measured exudation rates of
LMWOAs on nutrient solution and found that both Zn and P deficiency induced significant increases.
Among the LMWOASs detected oxalate was quantitatively the most important, but citrate is considered
more effective in mobilizing Zn. Citrate exudation rates correlated with tolerance to low soil levels of Zn
(P=0.05) and P (P=0.07). In a low-Zn-field we found an increased biomass production at higher plant
density, which is supportive for a concentration-dependent rhizosphere effect on Zn bioavailability such as
LMWOA exudation. We, for the first time, showed that tolerance to low Zn availability is related to the
capacity of a plant to exude LMWOAs and confirmed that exudation of LMWOASs must be regarded a
multiple stress response.

Introduction lings. Leaves develop brown spots and streaks that

may fuse to cover older leaves entirely, plants re-

Zinc (Zn) deficiency is the most widespread micro-
nutrient disorder in rice (Doberman and Fair-
hurst, 2000). It is common in flooded soils because
of the reducing conditions that develop following
submergence, with Zn becoming immobilised with
ferrous iron compounds and other solid phases
formed in reducing processes. In lowland rice Zn
deficiency causes multiple symptoms that usually
appear 2—4 weeks after transplanting of rice seed-
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main stunted and in severe cases may die, while
those that recover show a substantial delay in
maturity and a reduction in yield.

Zinc deficiency is generally corrected by apply-
ing Zn sulphate to the soil. Zn application, how-
ever, is not always adequate to fully recover rice
yields in genotypes with low tolerance (Van Bre-
emen and Castro, 1980). Also, Zn fertilizers are
unaffordable for many farmers. It has therefore
been suggested to intensify breeding efforts to im-
prove tolerance to low Zn availability (Neue
et al., 1998).
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Tolerance to low Zn availability in plants is
still poorly understood and many potential
mechanisms have been proposed (Hacisalihoglu
and Kochian, 2003). Tolerant cultivars may have
lower Zn requirements, a relatively high translo-
cation of Zn from roots to shoots, solubilise
immobile forms of Zn in the rhizosphere, or pos-
sess a higher affinity for Zn, which would in-
crease Zn uptake from soils with low Zn
availability. An alternative attempt to explain
tolerance to low soil Zn levels in rice focuses on
the negative effect bicarbonate has on the growth
of intolerant genotypes. Intolerant genotypes
would show strongly reduced root growth at in-
creased bicarbonate levels caused by submer-
gence, which would inhibit new root initiation
and thus Zn uptake (Hajiboland et al., 2003;
Yang et al., 1993). Recently, this reduced root
growth was attributed to excessive accumulation
of organic acids in the roots of intolerant geno-
types (Hajiboland et al., 2005). More tolerant
genotypes would not show this accumulation as
a response to bicarbonate due to higher trans-
port and root exudation of organic acids.

Recently, involvement of a rhizosphere process
in tolerance of aerobic rice to low Zn availability
was suggested (Gao et al., 2005). Rhizosphere
processes could significantly affect Zn bioavail-
ability to rice (Kirk and Bajita, 1995). Hypotheti-
cally, reduction of the rhizosphere pH and root
exudation of Zn chelators such as siderophores
and low-molecular weight organic anions (LM
WOASs) could increase Zn availability and uptake.
There are several studies indicating a role of sid-
erophores in tolerance to Zn deficiency in grami-
naceous plant species (Erenoglu et al.,, 2000;
Hopkins et al., 1998; Rengel and Romheld, 2000;
Rengel et al., 1998) but we are not aware of any
study in rice. We are also unaware of studies on
the role of LMWOAs in tolerance to Zn stress in
any plant species. LMWOASs can increase soil Zn
availability in two ways. First, plants exude
LMWOAs by plant roots together with cations
(generally protons) to maintain electrical neutral-
ity (Jones, 1998; Raghothama, 2000). These pro-
tons reduce the rhizosphere pH, which increases
Zn bioavailability, specifically in alkaline soils
where Zn deficiency problems are most severe.
Although the pH drop at the root surface in floo-
ded soils will be small due to fast diffusion of acid-
ity into the bulk soil, protons are assumed

responsible for a major part of the Zn taken up by
the plant (Kirk and Bajita, 1995). Second,
LMWOASs are weak chelators of Zn and complex-
ation of Zn may also increase Zn bioavailability.
But they are strong chelators of Fe''. This may
play a role in lowland rice, because of the Fe pla-
que that is usually formed on the surface of roots.
Zn can be adsorbed on this Fe plaque (Zhang
et al., 1998). Chelation of Fe may release this Zn,
although LMWOA can also be adsorbed on this
Fe plaque, making them less effective as chelator.

Rice plants are known to exude LMWOAs
(Aulakh et al., 2001). Similar to white lupin
(Gardner et al., 1983), alfalfa (Lipton et al., 1987)
and rape (Hoffland et al., 1989) citrate exudation
by rice is increased as a response to phosphorus
(P) deficiency, leading to increased P uptake (Kirk
et al., 1999). The increase in P bioavailability due
to exudation of citrate can be explained by mech-
anisms similar to the ones described above for
Zn: sparingly soluble Ca-phosphates may dissolve
due to a pH decrease (Gardner et al., 1983; Hoff-
land, 1992) or precipitation of Ca-citrate (Dink-
elaker et al., 1989), and metal(hydr)oxide-sorbed
phosphate can be mobilised by competitive bind-
ing of citrate (Geelhoed et al., 1998) or through
chelation of metal ions (Kirk et al., 1999).

Zn deficiency often co-occurs with P defi-
ciency, specifically on calcareous soils. Previously
it was suggested that Zn deficiency tolerant rice
genotypes show at least moderate tolerance to P
deficiency and vice versa (Quijano-Guerta et al.,
2002). This inspired us to investigate if this mul-
tiple deficiency tolerance can be explained mech-
anistically by exudation of citrate and other
LMWOAs. The objectives of the present study
are to (1) find out if a rhizosphere process may
be involved in tolerance to low Zn availability in
the field, to determine if (2) rice plants respond
similarly to Zn and P deficiency by exudation of
LMWOAs and (3) if genotypic variation in toler-
ance to low availability of either Zn or P is
related to LMWOA exudation rates.

Materials and methods

Genotypes

Seven genotypes of rice (Oryza sativa L.) were
selected for this study based on preliminary



experiments on Zn efficiency at the IRRI. Dular,
a traditional variety from India, was chosen as
the Zn deficiency intolerant check whereas M79,
a modern breeding line of Chinese origin, had
been classified as tolerant to low Zn availability.
The remaining genotypes were selected from a
mapping population that is intended to be used
for QTL identification under Zn deficiency. This
mapping population was derived from a cross of
IR74 (modern variety, intolerant) with Jalmagna
(traditional variety, tolerant). Lines of the map-
ping population were advanced to the F8 genera-
tion by single seed descent. A sub-sample of the
mapping population (lines 474, 507 and 614) was
used together with both parents.

Tolerance to low Zn availability

Field experiments were conducted on a highly
Zn-deficient field located in Tiaong, Quezon
province, Philippines. The field is characterised
by low Zn availability (0.1 mg kg~' DTPA-Zn),
high pH (7.8; 1:1 w/v H,0), high organic matter
(2.8%) and a low redox potential caused by per-
manent flooding. Experiments were conducted in
the dry season (January—April) of 2003. Twenty-
day-old seedlings of the seven genotypes were
transplanted in rows of 20 individual plants with
spacing of 20 cm within and between rows. In
addition, we transplanted bunches of five and ten
seedlings at the head of each row to evaluate the
effect of increasing plant (root) density on toler-
ance to low soil levels of Zn. A fertilised plot
(15 kg Zn ha™'year ') adjacent to the unferti-
lised plot was used as a +Zn treatment. The
experimental design was a randomised complete
block with four replications. Five weeks after
transplanting three individual plants were sam-
pled per row, roots and shoots were separated,
oven dried at 70 °C for 4 days and dry weight
was recorded. Plant samples were ground to a
fine powder and 0.5 g tissue was extracted in
10 ml of 1 N HCI for 24 h. The extract was fil-
tered and the Zn concentration in the filtrate was
analysed by AAS. Zn efficiency was calculated
for individual plants by dividing shoot dry
weight at —Zn by shoot dry weight at +Zn. The
remaining plants, including five- and ten-plant
hills, were harvested 12 weeks after transplanting
and measurements were repeated as described
above.
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Tolerance to low P availability

A pot experiment with quartz sand as substrate
was done to determine the P efficiency of the seven
rice genotypes. P efficiency is used as a quantita-
tive parameter to express tolerance to low P avail-
ability and is defined as the capacity to grow well
on a sparingly soluble P source. Treatments were
rock P (RP) and KH,PO, (+P). For each pot
540 ml nutrient solution was mixed with 3 kg
quartz sand. The complete nutrient solution con-
tained (in mmol L7') 4.0 KH,PO,, 5.0 KNO;,
5.0 Ca(NOs),, 2.0 MgSO, and (in mg L™') 0.5 B
as H3;BOs3, 0.5 Mn as MnSQy, 0.05 Zn as ZnSQOy,
0.02 Cu as CuSO,4 , 0.01 Mo as (NH4)¢Mo070,4
and 4.6 Fe as Fe-EDTA. The pH was adjusted to
6.5. In the rock phosphate (RP) treatment
KH,PO, was replaced by 570 mg Mali rock phos-
phate (a sparingly soluble apatite, P% =13.4%)
which was mixed with 3 kg of sand per pot. Six
rice seeds were sown in each pot. After emergence,
three weaker seedlings were discarded. Water con-
tent was adjusted daily according to weight loss.
Three replicates were used. Rice plants were har-
vested after 50 days and dried at 70 °C for 72 h.
P efficiency was calculated by dividing shoot
biomass at RP by shoot biomass at +P.

Plant cultivation on nutrient solution

Rice seeds were sown in moist quartz sand. Six days
after emergence, seedlings were transplanted to 50-
L containers filled with a continuously aerated
nutrient solution. The complete nutrient solution
(+P, +Zn) contained (in mmol L™"): 1.5 KH,PO,,
2.5 KNO;, 2.5 Ca(NOs),, 1.0 MgSO,, and trace
elements as given above. The pH was adjusted to
and maintained at 6.5 by daily titration. In the —Zn
and —P treatment ZnSO, or KH,PO, were omitted,
respectively. Thirty plants were grown per 50-L
container until significant visual symptoms of Zn or
P deficiency showed, which was around 25 days
after transplanting.

Collection of root exudates

Roots of six plants grown on nutrient solution
were rinsed with demineralised water and put
individually (z=6) in a test tube containing
20 mL demineralised water for 30 min. After
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30 min the plants were removed, and the solution
was filter-sterilised (0.2 um). The first 10 mL that
passed the filter were discarded to avoid effects
of filtering on the citrate concentration. The ster-
ile samples were stored immediately at —18 °C
until analysis. Plant roots and shoots were oven
dried at 70 °C for 72 h, and weighed. This exper-
iment is referred to as Experiment 1. In a repli-
cate experiment (Experiment 2) root exudates
were collected on 20 mL plant™" freshly prepared
nutrient solution (composition: see above) during
2 h. To compare the exudation rates in these two
experiments data were normalised such that the
maximum exudation rate found in each experi-
ment was set at 1.0. If not mentioned, results are
from Experiment 1.

Citrate analysis

Citrate concentration in root exudates was mea-
sured spectrophotometrically using an enzymatic
method. In a cuvette containing the sample and
a glycylglycine buffer (pH 7.8) citrate lyase was
added to convert citrate to oxaloacetate. Oxalo-
acetate and its decarboxylation product pyruvate
were reduced by NADH to malate and lactate by
addition of malate dehydrogenase and lactate
dehydrogenase, respectively. The amount of
NADH oxidised in these reactions is stoichiome-
tric with the amount of citrate in the sample. The
decrease in NADH in the cuvette was determined
by means of its absorption at 340 nm. The detec-
tion limit for this assay is 0.5 uM. All chemicals
were from Roche Diagnostics GmbH, Mann-
heim, Germany. The analysis was done on each
of the six replicates.

LMWOAs analysis

A larger spectrum of LMWOAs, including oxa-
late, malonate, fumarate, tartrate, malate, succi-
nate and maleate was analysed with a capillary
ion analyser (Waters, Milford, MA, USA),
according to Westergaard et al. (1998). The
detection limit for each individual LMWOA is
around 1 uM. Citrate cannot be analysed under
these conditions because it is a stronger acid than
the other acids. The analysis was done on three
replicates randomly chosen from the six repli-
cates of root exudates.

Data analysis

Statistical analysis of data was performed with
SPSS analytical software (SPSS Inc., Chicago,
IL, USA; version 12). Analysis of variance (Gen-
eral Linear Model) was used to find main effects
and Tukey HSD to test differences among treat-
ments. Data on exudation rates were log trans-
formed to meet the requirement of homogeneity
of variance.

Results

Field data showed a large variation in biomass
production among the genotypes tested on a soil
with low Zn availability (Figure 1). At low plant
density Dular and IR74 produced less dry matter
than Jalmagna, M79 and 507. Genotypes 614
and 474 were intermediate. Plant density had a
large impact on biomass production. An increase
from 1 to 10 plants per hill resulted in an up to
five-fold increase in shoot biomass. This increase
co-occurred with a reduction in Zn deficiency
symptoms (data not shown), indicating that high-
er biomass production is caused by higher Zn
uptake.

Genotypic variation in field biomass produc-
tion (Figure 1) could be explained by variation in
tolerance to low Zn availability (Table 1). Geno-
types known to be intolerant (Dular and IR74)
only produced about 10% shoot biomass under
Zn-deficient conditions compared to sufficient Zn
supply, but the tolerant genotypes 507, M79 and
Jalmagna had a Zn efficiency of 40%. That the
reduction in biomass was due to Zn deficiency
was evident from the comparison of Zn concen-
trations in shoot tissue. The average concentra-
tion in the +Zn control was 44.1 ug g~' but this
dropped to 10.8 ug g”' in the —Zn treatment.
Total Zn uptake was reduced by up to 95% in
intolerant genotypes (data not shown).

The variation among the genotypes in capac-
ity to use rock P as P source was similar. P
efficiency ranged from 37 to 67%. Generally,
genotypes with a low Zn efficiency also showed a
low P efficiency: Zn and P efficiency were posi-
tively correlated (r=0.80, P=0.03).

Main effects of nutrient supply and genotype
on citrate exudation rate were highly significant
(Table 2). Citrate exudation increased at P or Zn
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Figure 1. Biomass production and effect of plant density of rice genotypes in a strongly Zn-deficient field.

Table 1. Tolerance to low Zn and P availability, expressed as
Zn and P efficiency, of seven lowland rice genotypes

Table 3. Effect of nutrient supply on root citrate exudation
averaged for seven genotypes

Genotype Zn P
efficiency (%) efficiency (%)
Dular 9 37
IR74 13 37
614 34 49
474 36 43
Jalmagna 40 58
M79 40 67
507 42 52

Efficiencies are calculated for individual plants as (shoot dw at
low nutrient supply)/(shoot dw at high nutrient supply) x100.

deficiency. The highest exudation rates expressed
per g root dw were found at P deficiency
(Table 3). The average increase in citrate exuda-
tion was 82% at low P and 21% at low Zn. The
interaction term nutrient*genotype was signifi-
cant (Table 2). This indicates a stronger response
for genotypes more tolerant to low nutrient
availability.

Genotypes more tolerant to low soil Zn levels
indeed tended to exude higher amounts of citrate

Nutrient supply Citrate exudation rate

(nmol g™! (nmol g!
plant dw h7h) root dw h7')
Complete (+P;+Zn) 0.22 A 09 A
—Zn 033 B 1.13 B
-P 0.33 B 1.72 C

Means with same letter are not significantly different (Tukey,
P <0.05).

(P=0.05; Figure 2). This also holds for genotypes
that are more P efficient (P=0.08). Considering
results of all genotypes from two experiments, the
rate of citrate exudation at P deficiency was posi-
tively correlated with the rate of citrate exudation
at Zn deficiency (Figure 3; »r=0.87, P=0.008).
Table 4 shows that, generally, also the response
to Zn deficiency is generally stronger in genotypes
more tolerant to low Zn availability.

In addition to citrate, other LMWOAs were
analysed as well. Similar to citrate, exudation
rates increased at nutrient deficiency (Table 4)
though values on individual LMWOAs were

Table 2. ANOVA for citrate exudation rates, after log transformation

1

1

1

Source D.F. nmol g~! plant dw s~ nmol g rootdw s~

F P F P
Nutrient supply’ 2 29.87 0.000 41.78 0.000
Genotype 6 15.33 0.000 443 0.000
Nutrient supply * Genotype 12 6.32 0.000 3.22 0.001

'Complete (+P,+Zn), =P or —Zn.
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Figure 2. Relationship between citrate exudation on nutrition
solution and Zn or P efficiency on a solid substrate for seven
genotypes. For Zn: r=0.75, P= 0.05. For P: r =0.70;
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Figure 3. Relationship between citrate exudation rate at —Zn
and —P. Data are from independent experiments and there-
fore normalised per experiment (r=0.87; P<0.01).

highly variable. Exudation rates of oxalate were
generally higher than those of citrate (Table 3).
There was no correlation between Zn or P effi-
ciency of genotypes and their oxalate exudation
response to Zn (P=0.3) or P deficiency (P=0.9),
respectively. The same (absence of correlation)
was true considering the sum of oxalate, citrate,
malate, tartrate, malonate, fumarate, maleate
and succinate (P=0.2 for the correlation between
Zn efficiency and exudation, and P=0.8 for the
correlation between P efficiency and correlation).

Discussion

We showed that lowland rice genotypes that
grow relatively well on a soil with low Zn supply
also grow well on a sparingly soluble P source
(Table 1). This confirms earlier results with an-
other set of genotypes (Quijano-Guerta et al.,
2002) and is suggestive for common stress mech-
anisms. Citrate exudation rate significantly in-
creased at Zn or P deficiency. Exudation rates
per plant were mainly increased because roots
were more actively exuding (Table 3), and not
just because of higher root biomass. Generally,
genotypes that show a high citrate exudation rate
at Zn deficiency also show a high rate at P defi-
ciency (Figure 3). So citrate exudation as a com-
mon response to nutrient deficiency may be part
of a mechanistic explanation for the relationship
between tolerance to low soil Zn and P supply.

We, for the first time, showed that plants
respond to Zn deficiency with increased root exu-
dation of LMWOAs. The pattern of the response
is similar to the response to P deficiency
(Tables 2—4). Citrate was the only LMWOA
whose exudation rates related to Zn and P effi-
ciency (Figure 2). Quantitatively, oxalate is the
main LMWOA identified in the exudates. Citric
acid, however, is a stronger acid than oxalic acid.
At cytosolic pH (7) citrate is in the form of
cit %, while the oxalate is in the form of ox 2.
This means that each citrate ion exuded will be
countered by 0.8 charge equivalents of cations
more than oxalate. If the counter ion is a proton,
then citrate has a higher rhizosphere acidifying
potential. In addition, at pH 7 citrate is a much
stronger (7-fold) chelator of Zn>", and of Fe’™.
Careful modelling is needed to evaluate the im-
pact of exudation of citrate and oxalate on Zn
bioavailability to the root but it is likely that the
increased exudation rates measured for citrate
have a larger impact than those of oxalate.

The finding that biomass production is higher
at higher plant density (Figure 1) is strongly
supportive for a concentration-dependent rhizo-
sphere effect on Zn uptake under field condi-
tions. Higher root density may, apart from
increased LMWOA soil concentrations, also in-
crease the interception of solubilised Zn diffusing
away from the rhizosphere. Increasing plant den-
sity from one to five plants per hill increased
shoot dry matter per plant in a similar fashion
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LMWOA Nutrient supply Genotype Average'
Dular IR74 614 474 Jalm. M79 507
Citrate Complete 0.2 0.2 0.2 0.2 0.3 0.2 0.1 0.2+0.0
—Zn 0.2 0.2 0.4 0.5 0.3 0.4 0.4 0.3+0.1
-P 0.3 0.3 0.4 0.5 0.3 0.2 0.3 0.3+0.0
Oxalate Complete 0° 0 0.8 0 0 0 0 0.1+0.2
—Zn 0 0 0.6 0.2 0.3 0 3.1 0.7£0.6
-P 0.4 0.6 0.8 1.8 0.5 1.7 0 0.7£0.5
Total Complete 0.2 0.2 1.0 0.2 0.3 0.2 0.1 0.3+0.2
—Zn 0.2 0.5 1.5 1.2 1.3 0.4 3.8 1.4+£0.7
-P 2.8 1.8 2.1 3.6 1.1 3.2 0.3 1.9+£0.9

“Total” includes oxalate, citrate, malate, tartrate, malonate, fumarate, maleate and succinate (in order of decreasing average con-
centration). Genotypes are presented in order of increasing Zn efficiency. Values for each genotype are means of three (oxalate and

total) or six (citrate) replicates.

"Means + SE; for citrate: n=42; for other oxalate and total: n=21.

20" means <+0.1 nmol g 'plant dw s™'.

for all genotypes. However, further increases in
planting density reduced shoot dry matter of tol-
erant genotypes (Jalmagna, M79, 507), whereas
the highly intolerant genotype Dular showed fur-
ther improvements. With a low rate of citrate
(and total LMWOAs) exudation, Dular and
IR74 may need the combined exudates of ten
root systems to reach maximum Zn solubilisation
and uptake and dry weight, whereas this can al-
ready be achieved at a density of five plants per
hill for tolerant genotypes with higher exudation
rates. Further increases in these genotypes led to
reduced dry weight per plant probably due to a
mutual shading effect.

The work of Kirk et al. (1999) shows that the
exudation rates we found could have a large im-
pact on Zn and P mobilisation. The citrate exu-
dation rates for plants grown on a complete
nutrient solution (Table 2) were higher than those
reported by them. They showed that the increased
rates they found at P stress (+ 1.6 umol g~' root
dw h™") can account for the relatively high
capacity of rice to mobilise P from a P-deficient
aerobic soil. Effects of exudation in a flooded soil,
however, will be less due to fast diffusion. If exu-
dation would be localised to parts of the root sys-
tem, only, as was shown for white lupine and
rape, then the impact would increase (Hoffland,
1992).

Increased exudation of LMWOAs as a conse-
quence of both Zn and P deficiency adds to
the concept of LMWOASs as a multiple stress

response (Jones, 1998; Marschner, 1995; Raghot-
hama, 2000). As far as we are aware this concept
has not been confirmed before for both a macro-
nutrient and a micronutrient deficiency within
one plant species. It has been confirmed for two
toxic metals (Nian et al., 2002), but here the
stress response must be regulated differently from
nutrient deficiency (cf. Dong et al., 2004), be-
cause the response shows within hours after
exposure. Recently, Hajiboland et al. (2005)
showed increased LMWOA accumulation in rice
roots as a response to bicarbonate. It remains to
be investigated whether mechanisms involved in
increased exudation of LMWOASs as a response
to P deficiency, including increased PEP carbox-
ylase activity in either shoot (Hoffland et al.,
1992) or root (Uhde Stone et al., 2003), are also
involved in Zn deficiency-induced exudation. The
differential response of individual genotypes to
the two different nutrient deficiencies (Table 4)
regarding the type of LMWOA exuded, suggests
a genotype- and nutrient-specific regulation of
biosynthesis, catabolism and transport down-
stream from PEP carboxylase.
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