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1 | INTRODUCTION
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Abstract

Many studies proposed the use of stable carbon isotope ratio (63C) as a predictor of
abiotic stresses in plants, considering only drought and nitrogen deficiency without
further investigating the impact of other nutrient deficiencies, that is, phosphorus
(P) and/or iron (Fe) deficiencies. To fill this knowledge gap, we assessed the 63C of
barley (Hordeum vulgare L.), cucumber (Cucumis sativus L.), maize (Zea mays L.), and
tomato (Solanum lycopersicon L.) plants suffering from P, Fe, and combined P/Fe defi-
ciencies during a two-week period using an isotope-ratio mass spectrometer. Simul-
taneously, plant physiological status was monitored with an infra-red gas analyzer.
Results show clear contrasting time-, treatment-, species-, and tissue-specific varia-
tions. Furthermore, physiological parameters showed limited correlation with 8'°C
shifts, highlighting that the plants’ 8'°C, does not depend solely on photosynthetic
carbon isotope fractionation/discrimination (A). Hence, the use of 63C as a predictor
is highly discouraged due to its inability to detect and discern different nutrient stres-

ses, especially when combined stresses are present.

KEYWORDS
barley, C4 and C3 plants, carbon isotope ratio, cucumber, fractionation, maize, nutrient
deficiency, plant physiology, tomato

Wiel et al., 2016; Zuo & Zhang, 2011). To be more precise, N alone is
considered a limiting factor for agriculture in approx. 7%-64% of culti-

Plants require essential mineral nutrients to survive and successfully
complete their life cycle (Marschner, 2012). Under optimal conditions,
all essential nutrients and chemical species are present with the right
amount in the growth medium. However, nutrient shortages of any
type and magnitude are widely diffused around the globe and reduce
crop yield, both in terms of quantity and quality (MacDonald
et al., 2011; Samaranayake et al., 2012). Nitrogen (N), phosphorus
(P) and iron (Fe) deficiencies represent three of the major agricultural

production limitations worldwide (Samaranayake et al., 2012; van de

vated land (Thornton et al, 2007; Wang et al., 2007). Moreover,
degraded acidic and calcareous soils (50% and 25% of the world’s ara-
ble land, respectively) have a high incidence on P and Fe availability
(Fisher et al., 2012; Lynch, 2011; Zheng, 2010). Despite the differences
between N, P, and Fe in terms of soil bioavailability, uptake, storage,
and mobility within the plant, shortages of any of these three essential
nutrients induce morpho-physiological adaptations in plants. These
responses comprise root elongation, root hair development, metabolic

re-programming, reduced photosynthetic rate, and/or stomata closure
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(Meng et al., 2021; Wei et al., 2016; Zhang et al., 2014), ultimately

causing shifts in the carbon isotope discrimination or fractionation (A)

American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

and consequently in the plant's stable carbon isotope ratio (61°C)
(Cernusak et al., 2013; Farquhar & Richards, 1984; Tcherkez, 2010).

Fujita et al. (2003) and Tiziani et al. (2020) observed that the 6*°C
of P deficient tomato plants was higher as compared to plants grown in
nutrient sufficiency. These authors suggested that the reduction in sto-
matal conductance, associated in many plant species with P deficiency
(Zhang et al., 2014), is the main cause of the 813C increase. Indeed, the
reduced air exchange between the external environment and the inter-
cellular air spaces decreases the available CO, for fixation, obliging
ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) to use
the accessible CO,, including *CO, and consequently decreasing the
discrimination against *3C. The reduced A ultimately results in an
increase of the plant 513C (Boyer & Kawamitsu, 2011). Instead, lower
83C has been observed in Fe-depleted sugar beet by Rombola et al.
(2005). These results are in contrast with a well-known increase in the
root phosphoenolpyruvate carboxylase (PEPC) activity in the same
nutrient deficient plants (Andaluz et al, 2002; Lopez-Millan
et al, 2009), considering that the PEPC fixes carbon with low A
(2.2%0-3.0%0 of PEPC vs. 29%0-30%0 of RuBisCO) (Cernusak
et al., 2013; Tcherkez et al., 2011; von Caemmerer et al., 2014). This
inconsistency—a higher PEPC activity but lower 82C—may be
explained by a reduction in RuBisCO activity, resulting in an increase in
CO, concentration at the RuBisCO carboxylation site with a conse-
quent increase of the discrimination against *3C. In addition, in C4 plant
species, the effect of RuBisCO’s fractionation might be suppressed due
to their semi-closed bundle sheath cells, their PEPC, the primary car-
boxylating enzyme in C4 plants, having a lower A, and their reduced
tendency to close stomata in response to abiotic stresses (Bowman
et al., 1989; Henderson et al., 1998).

Due to this existing evidence, §13C measurements were proposed
to identify, quantify, and describe abiotic stress dynamics. Indeed,
83C might be exploited as early diagnosis tool to detect latent stress
signals in plants (Clay et al, 2001; Dercon et al., 2006; Pansak
et al., 2007). In this regard, we hypothesized a different A in above-
ground and underground tissues. In fact, it is well known that there
might be strong 613C differences between photosynthetic and non-
photosynthetic tissues due to different biochemical composition and
temporal development, and more in general diverse use of C sources,
for example, C fixed by PEPC, C derived from sucrose storages accu-
mulated during the day versus the night (Cernusak et al., 2009). How-
ever, although the potential of 6°C to detect abiotic stresses has
been tested for N, water shortages, and their interaction (Clay
et al., 2001; Dercon et al., 2006; Pansak et al., 2007), its applicability
for P, Fe, and their combined nutrient deficiencies remains untested.
Moreover, many blind spots persist in the plant §'°C research area.
For instance, we have no insights into §3C responses to Fe deficiency
in C4 plants. The same is valid for combined nutrient deficiencies, for
example, P and Fe, in either C3 and C4 plants. This, together with the
limited number of available A in key reactions of primary carbon
metabolism, prevents the prediction of the 6'°C in plants suffering

from nutrient deficiencies (Tcherkez et al., 2011).

Accordingly, the aim of the present research was to investigate
the relationship between 813C and nutrient stresses, that is, P and Fe
deficiencies, in four different plant species. In addition, to understand
whether 63C could be used as a predictor of abiotic stresses, we
aimed to test the following research hypotheses: (i) plant 813C is
expected to vary both in a treatment- and tissue- specific manner;
(i) the impact of nutrient deficiency on 8'C is expected to be milder
in C4 plants than in C3 plants; and (jii) plant species utilizing the same
photosynthetic pathway or with the same number of cotyledons

behave similarly.

2 | MATERIAL AND METHODS

21 | Plantspecies

Four plant species (Solanum Lycopersicon L. cv Marmande; Cucumis
sativus L. cv Chinese Long; Hordeum vulgare L. cv Solist; Zea mays L. cv
F1 Hybrid PO423, Pioneer Hi-Bred lItalia S.r.l) were chosen considering
photosynthesis type (C3 and C4) as well as Fe acquisition strategy
(I and Il) and crop physiology (monocot and dicot) (Table S1).

2.2 | Growing conditions

All the seeds of the different plant species were germinated in plastic
boxes containing 0.5 mmol L™* CaSO, moistened tissue paper
(Nikolic et al., 2012). Darkness and a constant temperature of 25°C
were maintained for 4-10 days according to the plant species (barley
4 days, cucumber 6 days, maize 10 days, tomato 7 days). After this
germination period, the young seedlings were transferred into 1.5 L
plastic pots, 10 seedlings per pot, containing species-specific nutrient
solutions (NSs) according to Marastoni et al. (2019) (Table S2). Syn-
thetic sponges wrapped around the root collar were used as structural
support, whereas the root system grew into the NS without any sub-
strate. Particular attention has been paid to the selection of uniform
seedlings to reduce biological variation as much as possible. The aer-
ated NS was renewed every 3 days.

After 7 days of growth in a complete NS, 75% of the plants (min
105 plants per species) were transferred to treatment-specific NSs for
the remaining 14 days, whereas the remaining 25% (min 35 plants per
species) were kept in a complete NS as a control. More precisely, 25%
of the plants (min 35 plants per species) were grown under phospho-
rus deficiency (—P), 25% (min 35 plants per species) under iron defi-
ciency (—Fe), and the remaining 25% (min 35 plants per species) under
a combined phosphorus and iron deficiency (—P/—Fe). Hence, for
each plant species, a minimum of 140 plants (five replicates, four
treatments, seven timepoints) were used in addition to 15 plants (five
replicates, one treatment, three timepoints) for monitoring the §°C
%o prior the onset of nutrient deficiencies, usually twice as much to
have spare plants as backup. This adds up to a total of 1240 plants.
For the whole period of plant growth (21 days), the environmental

parameters of the growth chamber were kept constant with a



TREVISAN ET AL.

light:dark cycle of 14:10 h, a temperature regime of 24°C:19°C, a rela-

tive humidity of 70%, and a light intensity of 75 pmol m™2 s ?

at plant
level.

Plants were sampled starting from the onset of the nutrient stres-
ses and thereafter every 2 to 3 days. The sampling consisted of the
harvest of the whole plant and the separation of the root system from
the shoot. Seven biological replicates for each sampling time and

treatment condition were used in this experiment.

2.3 | Carbon isotope ratio determination

The harvested tissues were dried at 70°C until constant weight was
reached, approx. 3 days. Dried biomass was then ball-milled with a
Mixer Mill MM 400 (Retsch, Italy) for 6 min at an oscillation frequency
of 30Hz and 0.25mg of the homogenized dried samples was
weighed and placed into tin capsules. Following weighing, the total
combustion of the sample and the §'*C determination was performed
using an elemental analyzer (EA Flash 1112 Thermo Scientific,
Germany) coupled to a continuous flow isotope ratio mass spectrome-
ter (Delta V Thermo Scientific, Germany). The working conditions con-
sisted of 1020°C in the oxidation furnace and 900°C in the reduction
furnace. The produced H,O was removed by a Mg (ClO,), trap. The
stable carbon isotope ratios were expressed in %o versus an interna-
tional reference, that is, V-PDB (Vienna-Pee Dee Belemnite), accord-

ing to the following equation:

51390 — (Rsample — Retandard) i
Rstandard ’

where R is the ratio between the heavier and the lighter isotopes;
Rsample is the carbon isotope ratio measured for the sample, either
root or shoot tissue; and Rqandarg is the carbon isotope ratio measured
for an international standard, that is, Vienna-Pee Dee Belemnite
(Farquhar et al., 1989; Hayes, 2001).

For the quality control of the analysis, four series of three work-
ing standards, namely IAEA 600 (caffeine), IAEA CH3 (cellulose), and
acetanilide, were analyzed at the beginning, during, and end of the
sequence, respectively. The measurement uncertainty for carbon iso-

topic determination was +0.2%o.

2.4 | Analysis of physiological parameters

During the last sampling day, just before harvesting the plants, leaf
CO, and water vapor fluxes were assessed by an infra-red gas ana-
lyzer (IRGA) equipped with a small leaf chamber (2.16 cm?) (ACD Bio-
Scientific Ltd. - Lcpro T). CO, concentration and relative humidity
under the leaf and from the reference (far away from any CO, or H,O

source), leaf temperature, photosynthetic active radiation (PAR) at leaf
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level, atmospheric pressure, and effective molar air flow were
obtained, allowing for the calculation of photosynthetic rate, stomatal
conductance, and transpiration rate. Multiple measurements on differ-
ent biological replicates per each treatment were taken from fully
expanded 15-day old leaves. Gas exchanges were measured under
common conditions: molar air flow rate (68 pmol s~1), boundary resis-
tance (0.25 m? s mol~%), ambient CO, concentration (550 ppm), leaf
temperature (27 + 1.5°C), and light intensity (75 pmol m=2 s™2).

2.5 | Statistical analysis

R x64 version 4.1.2 software and SigmaPlot 12 for Windows 10 64bit
were used to statistically analyze the obtained raw data. The following
R packages were used: ggplot2 for data visualization (Wickham, 2016)
and agricolae for statistical analysis (de Mendiburu, 2021). All the
results will be reported as means * standard error. Multiple compari-
sons between different treatments have been performed through
two-way analysis of variance (ANOVA) and one-way ANOVA with

Tukey as a post hoc test and a significant p-value < 0.05.

3 | RESULTS

3.1 | Stomatal conductance

Maize stomatal conductance was unaffected by the applied nutrient
deficiencies (Figure 1). On the contrary, barley and cucumber plants
suffering from Fe deficiency showed a significantly higher stomatal
conductance (+57% and +71%, respectively) as compared to all other
treatments. Despite this similarity, in barley, —P/—Fe induced a signif-
icantly higher stomatal conductance (+33%) than the control, whereas
in cucumber, —P and —P/—Fe were found to negatively influence
stomatal conductance (—34%) relative to the control. Similarly, in
tomato, —P and —P/—Fe induced a significantly lower stomatal
conductance in comparison with both —Fe and the control (—64%)
(Figure 1).

3.2 | Photosynthetic rate

Cucumber’s photosynthetic rate was unaffected by the applied nutri-
ent deficiencies. On the contrary, all treatments reduced tomato’s
photosynthetic rate as compared to the control (—64% on average).
Similarly, maize subjected to Fe and P/Fe combined deficiencies
showed a significantly lower photosynthetic rate (—87% and —82%,
respectively) as compared to —P and control treatments, both of
which had similar photosynthetic rates. Barley’s photosynthetic rate
was negatively influenced by P deficiency (—53% on average) as com-
pared to the control or —Fe but was not significantly different to the

—P/—Fe treatment (Figure 2).
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FIGURE 1 Leaf stomatal conductance (mmol m~2 s~%) of barley (Hordeum vulgare L.), cucumber (Cucumis sativus L.), maize (Zea mays L.), and
tomato (Solanum lycopersicon L.) plants according to four different treatments: control (C), phosphorus deficiency (—P), iron deficiency (—Fe), and
phosphorus and iron combined deficiencies (—P/—Fe) with n > 12. Letters next to the boxes indicate statistically significant differences (p < 0.05)

assessed by a one-way ANOVA with Tukey post hoc test.

3.3 | Stable carbon isotope ratio (613C)

3.3.1 | Barley

Two-way ANOVA highlighted that barley 813C was significantly influ-
enced by time (p < 0.001) and treatments (p < 0.001) for roots and
only by time (p < 0.001) for shoots (Table 1). However, there was no
interaction observed between the two factors in either of the two
analyzed plant tissues (p = 0.504 root; p = 0.670 shoot). Barley 61°C
significantly decreased in both roots and shoots for the whole dura-
tion of the time course in all treatments, without reaching a stable
83C value. Root 813C decreased from —27.5%0 to —36.5%o in the
control (i.e., a reduction of 33%), to —37.5%0 in —P and —P/—Fe
(—36%), and to —35.5%0 in —Fe (—29%) between Days O and 14. For
shoots, instead, in the same time span, the §'°C decreased by 26% in
all the treatments, from —31.0%o to —39.0%. (Figure 3).

Even though the treatment effects were significant at root level,
no clear trend nor pattern can be recognized. Iron deficiency revealed
significantly higher &*3C values as compared to —P and —P/—Fe
(+5%) in the last three growing days but not as compared to the con-
trol (Table S3). No significant differences were instead identified
among control, —P, and —P/—Fe. For shoots, all the treatments

behaved in the same way across the time course (Figure 3).

3.3.2 | Cucumber

The two-way ANOVA highlighted highly significant time and treat-
ment impacts on cucumber roots and shoots 8'3C (p < 0.001). More-
over, there was also significant interaction between the two factors in
both the analyzed plant tissues (p < 0.001, Table 1), indicating that
the effect of nutrient deficiencies on the cucumber &C and their
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FIGURE 2 Leaf photosynthetic rate (umol m~2 s—2) of barley (Hordeum vulgare L.), cucumber (Cucumis sativus L.), maize (Zea mays L.), and
tomato (Solanum lycopersicon L.) plants according to four different treatments: control (C), phosphorus deficiency (—P), iron deficiency (—Fe), and
phosphorus and iron combined deficiencies (—P/—Fe) with n > 12. Letters next to the boxes indicate statistically significant differences (p < 0.05)

assessed by one-way ANOVA with Tukey post hoc test.

relationship varied over time (Figure 3). In all four treatments, the
8'3C decreased up to Day 7 in roots (from —31.6%o to —34.9%o,
i.e, —10% on average) and to Day 9 in shoots (from —32.9%. to
—36.2%s, i.e., —10% on average). Despite the similar behavior of all
treatments in the first half of the time course, the §3C of both tissues
suffering from —P and —P/—Fe deficiency later increased until Day
14, reaching —32.4%o. in roots (+7%) and —34.2%. in shoots (+5%).
On the contrary, the &§*3C of the control and —Fe plants stabilized
after Day 7 in roots (approx. 34.6%o.) and after Day 9 in shoots
(approx. 36.2%.) (Table S3). Indeed, —P and —P/—Fe showed a signifi-
cant increasingly higher plant §3C as compared to —Fe and the con-
trol from Day 9 onwards (+5% Day 12 and +7% Day 14 in roots and
+5% Days 12 and 14 in shoots) (Figure 3).

3.3.3 | Maize

The two-way ANOVA highlighted that time significantly altered maize
roots (p < 0.001) and shoots (p < 0.001) 6*3C, whereas the nutrient
deficiencies only had an impact on shoots (p < 0.001)
813C. Furthermore, shoots also showed an interaction between the
two variables (p = 0.017) (Table 1).

A significant decrease in maize 63C was observed during the
time course at both root and shoot levels. In roots, the §*3C of control
and —P stabilized from Day 7 onwards, and it continued to decrease
till the last sampling day in the —Fe and —P/—Fe treatments. At root
level, between Days O and 14, 8'°C dropped from —12.2%o to
—16.2%o in the control (—33%), from —12.5%. to —16.0%0 in —P
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TABLE 1 Results of the two-way ANOVA on the §'3C data shown in Figure 3.

Barley Cucumber Maize Tomato
Df F value P value Df F value P value Df F value P value Df F value P value
Root
Treatment 3 15.05 <0.001 3 7.06 <0.001 3 0.72 0.543 3 61.48 <0.001
Time 6 249.08 <0.001 6 31.77 <0.001 6 149.17 <0.001 6 210.85 <0.001
Treatment:Time 18 0.96 0.504 18 2.76 <0.001 18 1.29 0.202 18 6.55 <0.001
Residuals 168 168 168 168
Shoot
Treatment 3 1.52 0.212 3 10.26 <0.001 3 27.18 <0.001 3 47.80 <0.001
Time 6 768.39 <0.001 6 63.08 <0.001 6 231.87 <0.001 6 87.47 <0.001
Treatment:Time 18 0.82 0.670 18 441 <0.001 18 1.92 0.017 18 9.80 <0.001
Residuals 168 168 168 168
Abbreviation: Df = degrees of freedom.
(—28%), from —12.5%o to —16.5%o in —Fe (—32%), and from —12.2%o 4 | DISCUSSION

to —16.7%o in —P/—Fe (—37%). In shoots, 5'°C decreased between
Days 0 and 14, from —13.5%0c to —18.0%c in the control and —P
(—33%), and from —13.1%o to —17.2%0 in —Fe and —P/—Fe (—31%),
reaching a stable value from Day 7 onwards in all treatments except
—Fe where it decreased up to the last day (Figure 3). By comparing
the different treatments, no significant differences (p = 0.543) were
highlighted at root level. On the contrary, at shoot level, —Fe and —P/
—Fe had significantly higher §3C (+5%) as compared to the control
and —P, in the last 5 days (Figure 3, Table S3).

3.34 | Tomato

The two-way ANOVA highlighted that tomato 63C was significantly
altered by time (p < 0.001) and treatments (p < 0.001). In addition,
the interaction between the two factors in both plant tissues was
found to be highly significant (p < 0.001) (Table 1).

During the first 3 days of the time course, tomato’s 53C signifi-
cantly decreased in both root and shoot, before reaching a constant
level. Between Days O and 14, in roots, the 8'3C decreased from
—31.5%0 to —37.5%0 in the control (—19%), from —32.5%o to
—35.5%0 in —P (—9%), from —32.5%0 to —38.0%0 in —Fe (—17%), and
from —32.5%0 to —36.0%o0 in —P/—Fe (—11%). For shoots, instead the
8'3C decreased from —34.0%o to —39.0%o in the control (—15%),
from —35.5%0 to —39.0%0 in —Fe (—10%), and from —35.5%0 to
—36.5%0 in —P and —P/—Fe (—3%) (Figure 3).

Considering the interaction between treatment and time, the four
treatments did not show any significant differences in the first 3 days
of the time course in both shoots and roots. From Day 7 onwards, —P
and —P/—Fe showed a significantly higher 63C as compared to con-
trol and —Fe (+5%). However, while at shoot level the differences in
83C between P and combined deficiency was not statistically signifi-
cant, at root level, it was (—P vs. —P/—Fe + 3%). Indeed, —P/—Fe
roots had significantly higher 8'3C values than control and —Fe roots

but significantly lower values than —P roots (Figure 3, Table S3).

Great strides have been made in the comprehension of 61°C at the
plant level (Tcherkez et al., 2006, 2011). Nevertheless, although the
literature describes a fair number of studies performed in silico, that
is, quantum chemical calculations (Tcherkez & Farquhar, 2005), and
in vitro analyses, that is, enzymatic assays, followed by analyses of
specific products or reactants by isotope ratio mass spectrometer
(IRMS) (O’Leary, 1980), in vivo research is still very limited (Dercon
et al., 2006; Rombola et al., 2005; Tiziani et al., 2020). We therefore
analyzed the 8*3C in response to P and Fe deficiencies, in four con-
trasting plant species and tried to understand if *3C could be used as
a monitoring and/or predictive tool for abiotic stresses.

Time significantly affected the §3C of all plant species and tis-
sues tested (Figure 3). In all four plant species, §13C decreased signifi-
cantly between germination and the 14th day of growth (7 days in full
NS and 7 days in treatment-specific NS), in both roots and shoots
(Figures 3 and S3). Even though the average decrease differed
between plant species, the consistency of these results suggests that
there may be a common biological mechanism determining this drop
in 8'3C during plant development. This phenomenon might be
explained by a biomass dilution effect after seed germination. In fact,
the measured §3C of C3 and C4 seeds was —27.0%o and —12.0%o,
respectively (Table S4), as found also in previous studies (Kaler
et al., 2018; Ludlow et al., 1976). Hence, the newly developed auto-
trophic plant tissues have a higher A, and consequently lower §3C
(Cernusak et al., 2009), thus tending to reduce the overall plant 8'3C
proportionally to the biomass produced. Even though this might be
true for the first days of seedling development, it is unlikely to be still
the main driving factor in two-week old plantlets. This is especially
true in the case of tomato, where the seed size is around 1:1000 of
the biomass of two-week old plantlets (3 + 1 mg vs. 3000 + 1000 mg,
Table S4 and Figure S2). Therefore, even though the §3C is higher in
seeds, the huge dilution effect caused by plant growth will entail that
the overall plant 8*3C levels out in just a couple of days. However, in
the first days of plant growth, the RuBisCO activity (A = 29.0%0-
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FIGURE 3 &3C values for barley (Hordeum vulgare L.), cucumber (Cucumis sativus L.), maize (Zea mays L.), and tomato (Solanum lycopersicon
L.) plants grown under control conditions (C), phosphorus starvation (—P), iron starvation (—Fe), and combined phosphorus and iron starvation
(—P/—Fe) plotted over time. Day O on the x-axis indicates the day on which some of the plants were transferred to the treatment-specific
nutrient solutions (NSs), that is, after 7 days of growth in full NS. The §*3C values of roots, left, and shoots, right, are represented as mean

+ standard error,n = 7.
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FIGURE 4 Pictures of representative plants for each species, barley (Hordeum vulgare L.), cucumber (Cucumis sativus L.), maize (Zea mays L.),
and tomato (Solanum lycopersicon L.), and treatment (C = control; —P = phosphorus deficiency; —Fe = iron deficiency; —P/—Fe = phosphorus
and iron combined deficiencies). Scale bar on the top right of each picture = 10 cm.

30.0%o) is reduced as compared to the PEPC activity (A = 2.2%.-
3.0%o). Thus, the overall plant A determining the 61C of newly devel-
oped plant tissues will be lower, and consequently, plants discriminate
less against 8¢, as compared to mature plants (Rival et al., 1998;
Triques et al., 1997). This slow increase of the initially low RuBisCO
activity, raising *°C discrimination and lowering the plants §*3C during

plant development, could explain the observed results (Figure 3).

In spite of a common behavior during the first days of plant devel-
opment, towards the end of the experiment, treatment-, species-, and
tissue-specific responses in terms of A were observed (Figure 3)
(Hypothesis i). Furthermore, the effect of nutrient deficiencies on the
plants’ 81°C varied over time in most plant species (Figure 3). Tomato
and cucumber plants showed generally higher 8*°C values in —P and

—P/—Fe, that could be almost fully explained by the variation in
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FIGURE 5 Summary of stable carbon isotope ratio (623C), stomatal conductance (gs), and photosynthetic rate (A) responses of the four
analyzed plant species, barley (Hordeum vulgare L.), cucumber (Cucumis sativus L.), maize (Zea mays L.), and tomato (Solanum lycopersicon L.), in
relation to plant development and to different treatments (613C: | = 623C 0.5%. lower, | = 8*3C 0.5%o higher, 11 = 613C 2.0%. higher,

111 = 8*3C 3.0%o higher as compared to the control; gs: | = gs 0.01 mol m? s~* lower, | = gs 0.01 mol m? s~ * higher, 11 = gs 0.02 mol m? s~

1

higher as compared to the control; A: | = A 0.5 umol m? s~* lower, || = A 1 pmol m? s* lower as compared to the control). Ribulose-
1,5-bisphosphate carboxylase-oxygenase (RuBisCO) and phosphoenolpyruvate carboxylase (PEPC) activity represent the two main theorized
drivers of §3C variation during plant development. The tissue-specific response highlight in which plant tissue the impact of treatments on the

83C was more evident.

stomatal conductance: a lower stomatal conductance determines a
lower discrimination against °C and therefore gives a higher 61°C
(Figures 1 and 3). On the contrary, barley exhibited no treatment-
specific §*3C differences, despite clear phenotypic (Figure 4) and bio-
mass differences (Table S4 and Figure S2). In maize, the treatment-
driven §*3C shifts, that is, higher 8'3C in —Fe and —P/—Fe, were not
attributable to changes in the stomatal conductance. However, the

significantly lower photosynthetic rate (Figure 2) may be an indicator
of a reduced RuBisCO activity. Decreased RuBisCO activity might
enhance the partial contribution of other carbon fixation processes,
for example, PEPC, characterized by a lower discrimination rate, and
in turn, determine a higher §3C. These results highlight the limitations
of prediction models based only on photosynthetic A, that is, Farqu-
har's model as improved by Cernusak and Busch (Busch et al., 2020;



TREVISAN ET AL

10 of 12 Wl LEY

Cernusak et al., 2013; Farquhar et al., 1989). Indeed, these models are

American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

unable to explain many significant differences in §3C caused by abi-
otic stresses.

The 83C response to —P/—Fe treatment resembled —P behavior
in both roots and shoots along the whole time course in cucumber
and tomato plants. In contrast, maize 8'°C changes observed in —P/
—Fe plants were similar to shifts in —Fe plants. These results do not
only show that changes in plant 613C are species specific but also that
the perception of a combined, deficiency is also strictly species depen-
dent. Therefore, interpreting 8'°C values in natural conditions is con-
siderably more complex than what might be expected (Figure 5).

Moreover, treatment-driven differences in the &°C of barley,
cucumber, and tomato plants were found to be larger in root tissues
as compared to shoots (Hypothesis i). However, in maize, the opposite
trend was observed (larger differences in shoots as compared to
roots) (Figure 3, Hypothesis ii). This species-driven differential tissue
specificity, might be ascribed to root PEPC activity (Feria et al., 2016).
Indeed, at the root level, PEPC activity was proven to be enhanced
under nutrient shortages (Lopez-Millan et al., 2009), especially in rela-
tion to the RuBisCO activity, which is generally decreased under abi-
otic stresses (Figure 2) (Warren, 2011; Warren & Adams, 2002). PEPC
exhibits a lower A than RuBisCO (2.2%0-3.0%o0 vs. 29.0%0-30.0%.o),
because it fixes the dissolved CO, in the form of bicarbonate
(HCO3"). Bicarbonate is then, in turn, **C-enriched due to fraction-
ation (—9.0%o.) coupled with the hydration equilibrium ([HCO3;™]/
[CO,)) (Mook et al., 1974), thus determining an overall *3C enrichment
(—5.7%.) in the biomass produced starting from PEPC fixed carbon.
Here, we emphasize, for the first time, the potential key role of roots
in the plants A.

In accordance with the differences in species responses to nutri-
ent stresses, it becomes evident that there is only limited variation
explained by the photosynthesis type and by the nutrient acquisition
strategy, except for the above-mentioned root tissue specificity that
seems to be connected to C3 photosynthesis (Hypotheses ii and iii).
Hence, no generalization of the findings can be made in this regard
(Figure 5). In contrast, the two dicots, tomato and cucumber, reacted
similarly, allowing us to conclude that dicots may be more prone to
alter their 61°C in response to nutrient stresses as compared to
monocots.

Plant 5*3C depends on metabolic fluxes and allocation patterns
within metabolic pools (Kruger & Ratcliffe, 2009), on the A of all the
carbon fixation, uptake, decarboxylation, and respiration processes
(Ivlev, 2004; Tcherkez et al., 2011; Tcherkez & Farquhar, 2005), and
not solely on the photosynthetic A. Hence, the theorized use of §3C
to foresee abiotic stresses needs caution, considering the current
knowledge. Indeed, depending on the plant species and sometimes
also to tissue type, the same nutrient deficiency may cause contrast-
ing 813C variations that might readily be misinterpreted. This could
ultimately determine an overlooked nutrient shortage especially in the
case of combined deficiencies (Figure 5). Moreover, plant physiology
(Figures 1, 2, S1, and S2) and phenotype (Figure 4) clearly show nutri-
ent deficient plants, highlighting the inability of the 613C to foresee an
abiotic stress.

In conclusion, we monitored, for the first time, the plant §*3C
responses to three different nutrient stresses in four contrasting plant
species. In all species and tissues, the 8'°C significantly decreased
during plant development, most probably due to a biomass dilution
effect and to an initially low RuBisCO/PEPC activity ratio. The current
study has highlighted both treatment- and species-specific responses
in terms of A, which were only partially correlated with the measured
physiological parameters, suggesting the limits of prediction models
based solely on photosynthetic A (Hypothesis i). Moreover, the pho-
tosynthesis mechanism (i.e., C3 versus C4) and/or cotyledon number
explained only limited 6*3C variation in response to nutrient stresses
(Hypothesis ii and iii). This was substantiated not only by the different
8'3C responses to nutrient deficiencies but also by the discrepancies
in the combined deficiency and tissue specificity. The tissue-specific
responses suggest roots as playing an important role in the plant A.
All these findings suggest that the use of the §*3C as a predictor of
abiotic stresses is highly error prone unless a complete understanding
of 8*3C fractionation is available.

AUTHOR CONTRIBUTIONS

Tanja Mimmo, Raphael Tiziani, and Stefano Cesco designed the
research. Fabio Trevisan performed the research, and collected, ana-
lyzed, and interpreted the data. Fabio Trevisan, Tanja Mimmo, Raphael
Tiziani, and Robert D. Hall wrote the article and critically evaluated

both the manuscript and the results.

ACKNOWLEDGMENTS

This work was supported by grants from the Free University of Bol-
zano (NUMICS TN200E) and by the Open Access Publishing Fund of
the Free University of Bozen-Bolzano. We also thank Dr. Christian

Ceccon for providing support for the isotope analysis.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The following information was supplied regarding data and code avail-
ability: the raw data, the version of the individual packages and scripts

used to analyze the data and generate the figures of this study are

available at  GitHub: https://github.com/Fabio-Trevisan/13C-
Experiment.git.
ORCID

https://orcid.org/0000-0002-6652-4865
https://orcid.org/0000-0002-5786-768X
https://orcid.org/0000-0002-2375-8370

Fabio Trevisan
Robert D. Hall

Tanja Mimmo

REFERENCES

Andaluz, S., Lépez-Millan, A. F., Peleato, M. L., Abadia, J., & Abadia, A.
(2002). Increases in phosphoenolpyruvate carboxylase activity in
iron-deficient sugar beet roots: Analysis of spatial localization and
post-translational modification. Plant and Soil, 241(1), 43-48. https://
doi.org/10.1023/A:1016000216252


https://github.com/Fabio-Trevisan/13C-Experiment.git
https://github.com/Fabio-Trevisan/13C-Experiment.git
https://orcid.org/0000-0002-6652-4865
https://orcid.org/0000-0002-6652-4865
https://orcid.org/0000-0002-5786-768X
https://orcid.org/0000-0002-5786-768X
https://orcid.org/0000-0002-2375-8370
https://orcid.org/0000-0002-2375-8370
https://doi.org/10.1023/A:1016000216252
https://doi.org/10.1023/A:1016000216252

TREVISAN ET AL.

Bowman, W. D., Hubick, K. T., von Caemmerer, S., & Farquhar, G. D.
(1989). Short-term changes in leaf carbon isotope discrimination in
salt-and water-stressed C4 grasses. Plant Physiology, 90, 162-166.
https://academic.oup.com/plphys/article/90/1/162/6084792.
https://doi.org/10.1104/pp.90.1.162

Boyer, J. S., & Kawamitsu, Y. (2011). Photosynthesis gas exchange system
with internal CO, directly measured. Environmental Control in Biology,
49(4), 193-207. https://doi.org/10.2525/ecb.49.193

Busch, F. A., Holloway-Phillips, M., Stuart-Williams, H., & Farquhar, G. D.
(2020). Revisiting carbon isotope discrimination in C3 plants shows
respiration rules when photosynthesis is low. Nature Plants, é(3),
245-258. https://doi.org/10.1038/s41477-020-0606-6

Cernusak, L. A, Tcherkez, G., Keitel, C., Cornwell, W. K., Santiago, L. S.,
Knohl, A., Barbour, M. M., Williams, D. G., Reich, P. B,
Ellsworth, D. S., Dawson, T. E., Griffiths, H. G., Farquhar, G. D., &
Wright, 1. J. (2009). Why are non-photosynthetic tissues generally
13C enriched compared with leaves in C3 plants? Review and synthe-
sis of current hypotheses. Functional Plant Biology, 36(3), 199-213.
https://doi.org/10.1071/FP08216

Cernusak, L. A., Ubierna, N., Winter, K., Holtum, J. A. M., Marshall, J. D., &
Farquhar, G. D. (2013). Environmental and physiological determi-
nants of carbon isotope discrimination in terrestrial plants. New Phy-
tologist, 200(4), 950-965. https://doi.org/10.1111/nph.12423

Clay, D. E., Engel, R. E., Long, D. S., & Liu, Z. (2001). Nitrogen and water
stress interact to influence carbon-13 discrimination in wheat. Soil
Science Society of America Journal, 65(6), 1823-1828. https://doi.
org/10.2136/ss52j2001.1823

de Mendiburu, F. (2021). agricolae: Statistical procedures for agricultural
research (Version 1.3-5).

Dercon, G., Clymans, E., Diels, J., Merckx, R., & Deckers, J. (2006). Differ-
ential *3C isotopic discrimination in maize at varying water stress and
at low to high nitrogen availability. Plant and Soil, 282(1-2),
313-326. https://doi.org/10.1007/511104-006-0001-8

Farquhar, G. D., Ehleringer, J. R., & Hubick, K. T. (1989). Carbon isotope
discrimination and photosynthesis. Annual Review of Plant Physiology
and Plant Molecular Biology, 40, 503-537. https://doi.org/10.1146/
annurev.pp.40.060189.002443

Farquhar, G. D., & Richards, R. A. (1984). Isotopic composition of plant car-
bon correlates with water-use efficiency of wheat genotypes.
Australian Journal of Plant Physiology, 11, 539. https://doi.org/10.
1071/PP9840539

Feria, A. B., Bosch, N., Sanchez, A., Nieto-Ingelmo, A. I, de la Osa, C,,
Echevarria, C., Garcia-Maurifo, S., & Monreal, J. A. (2016). Phospho-
enolpyruvate carboxylase (PEPC) and PEPC-kinase (PEPC-k) isoen-
zymes in Arabidopsis thaliana: Role in control and abiotic stress
conditions. Planta, 244(4), 901-913. https://doi.org/10.1007/
s00425-016-2556-9

Fisher, J. B., Badgley, G., & Blyth, E. (2012). Global nutrient limitation in
terrestrial vegetation. Global Biogeochemical Cycles, 26(3), 3007.
https://doi.org/10.1029/2011GB004252

Fujita, K., Okada, M., Lei, K,, Ito, J., Ohkura, K., Adu-Gyamfi, J. J., &
Mohapatra, P. K. (2003). Effect of P-deficiency on photoassimilate
partitioning and rhythmic changes in fruit and stem diameter of
tomato (Lycopersicon esculentum) during fruit growth. Journal of
Experimental Botany, 54(392), 2519-2528. https://doi.org/10.1093/
jxb/erg273

Hayes, J. M. (2001). Fractionation of carbon and hydrogen isotopes in bio-
synthetic processes. Stable Isotope Geochemistry, 43(March), 225-
277. https://doi.org/10.1515/9781501508745-006

Henderson, S., von Caemmerer, S., Farquhar, G. D., Wade, L, &
Hammer, G. (1998). Correlation between carbon isotope discrimina-
tion and transpiration efficiency in lines of the C4 species Sorghum
bicolor in the glasshouse and the field. Australian Journal of Plant
Physiology, 25(1), 111-123. https://doi.org/10.1071/PP95033

= . . 11 of 12
s SI@EBLWILE Y1222

" SOCIETY FOR EXPERIMENTAL BI0LOGY

Ivlev, A. A. (2004). Contribution of photorespiration to changes of carbon
isotope characteristics in plants affected by stress factors. Russian
Journal of Plant Physiology, 51(2), 271-280. https://doi.org/10.1023/
B:RUPP.0000019225.43920.99

Kaler, A. S., Bazzer, S. K., Sanz-Saez, A., Ray, J. D., Fritschi, F. B, &
Purcell, L. C. (2018). Carbon isotope ratio fractionation among plant
tissues of soybean. Plant Phenome Journal, 1(1), 1-6. https://doi.org/
10.2135/tppj2018.04.0002

Kruger, N. J., & Ratcliffe, R. G. (2009). Insights into plant metabolic net-
works from steady-state metabolic flux analysis. Biochimie, 91(6),
697-702. https://doi.org/10.1016/j.biochi.2009.01.004

Lopez-Millan, A. F., Morales, F., Gogorcena, Y., Abadia, A., & Abadia, J.
(2009). Metabolic responses in iron deficient tomato plants. Journal
of Plant Physiology, 166(4), 375-384. https://doi.org/10.1016/j.jplph.
2008.06.011

Ludlow, M. M., Troughtont, J. H., & Jonesj, R. J. (1976). A technique for
determining the proportion of C3 and C4 species in plant samples
using stable natural isotope’s of carbon. The Journal of Agricultural Sci-
ence, 87, 625-632. https://doi.org/10.1017/50021859600033268

Lynch, J. P. (2011). Root phenes for enhanced soil exploration and phos-
phorus acquisition: Tools for future crops. Plant Physiology, 156(3),
1041-1049. https://doi.org/10.1104/PP.111.175414

MacDonald, G. K., Bennett, E. M., Potter, P. A,, & Ramankutty, N. (2011).
Agronomic phosphorus imbalances across the world’s croplands. Pro-
ceedings of the National Academy of Sciences, 108(7), 3086-3091.
https://doi.org/10.1073/pnas.1010808108

Marastoni, L., Sandri, M., Pii, Y., Valentinuzzi, F., Brunetto, G., Cesco, S., &
Mimmo, T. (2019). Synergism and antagonisms between nutrients
induced by copper toxicity in grapevine rootstocks: Monocropping
vs. intercropping. Chemosphere, 214, 563-578. https://doi.org/10.
1016/j.chemosphere.2018.09.127

Marschner, P. (2012). Marschner’s mineral nutrition of higher plants (3rd
ed.). Academic Press.

Meng, X., Chen, W.-W., Wang, Y.-Y.,, Huang, Z.-R,, Ye, X, Chen, L.-S., &
Yang, L.-T. (2021). Effects of phosphorus deficiency on the absorp-
tion of mineral nutrients, photosynthetic system performance and
antioxidant metabolism in Citrus grandis. PLoS ONE, 16(2), €0246944.
https://doi.org/10.1371/journal.pone.0246944

Mook, W. G., Bommerson, J. C., & Staverman, W. H. (1974). Carbon iso-
tope fractionation between dissolved bicarbonate and gaseous car-
bon dioxide. Earth and Planetary Science Letters, 22, 169-176.
https://doi.org/10.1016/0012-821X(74)90078-8

Nikolic, M., Cesco, S., Monte, R., Tomasi, N., Gottardi, S., Zamboni, A.,
Pinton, R., & Varanini, Z. (2012). Nitrate transport in cucumber leaves
is an inducible process involving an increase in plasma membrane H
+-ATPase activity and abundance. BMC Plant Biology, 12, 66.
https://doi.org/10.1186/1471-2229-12-66

O'Leary, M. H. (1980). Determination of heavy-atom isotope effects on
enzyme-catalyzed reactions. Methods in Enzymology, 64, 83-104.
https://doi.org/10.1016/5S0076-6879(80)64006-3

Pansak, W., Dercon, G., Hilger, T., Kongkaew, T., & Cadisch, G. (2007). 13C
isotopic discrimination: A starting point for new insights in competi-
tion for nitrogen and water under contour hedgerow systems in
tropical mountainous regions. Plant and Soil, 298(1-2), 175-189.
https://doi.org/10.1007/s11104-007-9353-y

Rival, A, Beulé, T., Lavergne, D., Nato, A., & Noirot, M. (1998). Growth and
carboxylase activities in in vitro micropropagated oil palm plantlets
during acclimatisation: Comparison with conventionally germinated
seedlings. Advances in Horticultural Science, 12(3), 111-117.

Rombola, A. D., Gogorcena, Y. Larbi, A, Morales, F., Baldi, E.,
Marangoni, B., Tagliavini, M., & Abadia, J. (2005). Iron deficiency-
induced changes in carbon fixation and leaf elemental composition
of sugar beet (Beta vulgaris) plants. Plant and Soil, 271(1-2), 39-45.
https://doi.org/10.1007/s11104-004-2001-x


https://academic.oup.com/plphys/article/90/1/162/6084792
https://doi.org/10.1104/pp.90.1.162
https://doi.org/10.2525/ecb.49.193
https://doi.org/10.1038/s41477-020-0606-6
https://doi.org/10.1071/FP08216
https://doi.org/10.1111/nph.12423
https://doi.org/10.2136/sssaj2001.1823
https://doi.org/10.2136/sssaj2001.1823
https://doi.org/10.1007/s11104-006-0001-8
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1071/PP9840539
https://doi.org/10.1071/PP9840539
https://doi.org/10.1007/s00425-016-2556-9
https://doi.org/10.1007/s00425-016-2556-9
https://doi.org/10.1029/2011GB004252
https://doi.org/10.1093/jxb/erg273
https://doi.org/10.1093/jxb/erg273
https://doi.org/10.1515/9781501508745-006
https://doi.org/10.1071/PP95033
https://doi.org/10.1023/B:RUPP.0000019225.43920.99
https://doi.org/10.1023/B:RUPP.0000019225.43920.99
https://doi.org/10.2135/tppj2018.04.0002
https://doi.org/10.2135/tppj2018.04.0002
https://doi.org/10.1016/j.biochi.2009.01.004
https://doi.org/10.1016/j.jplph.2008.06.011
https://doi.org/10.1016/j.jplph.2008.06.011
https://doi.org/10.1017/S0021859600033268
https://doi.org/10.1104/PP.111.175414
https://doi.org/10.1073/pnas.1010808108
https://doi.org/10.1016/j.chemosphere.2018.09.127
https://doi.org/10.1016/j.chemosphere.2018.09.127
https://doi.org/10.1371/journal.pone.0246944
https://doi.org/10.1016/0012-821X(74)90078-8
https://doi.org/10.1186/1471-2229-12-66
https://doi.org/10.1016/S0076-6879(80)64006-3
https://doi.org/10.1007/s11104-007-9353-y
https://doi.org/10.1007/s11104-004-2001-x

TREVISAN ET AL

12 of 12 Wl LEY

Samaranayake, P., Peiris, B. D., & Dssanayake, S. (2012). Effect of exces-
sive ferrous (Fe 2+) on growth and iron content in rice (Oryza sativa).
International Journal of Agriculture and Biology, 14(2), 296-298.

Tcherkez, G. (2010). Do metabolic fluxes matter for interpreting isotopic
respiratory signals? New Phytologist, 186(3), 566-568. https://doi.
org/10.1111/j.1469-8137.2010.03178.x

Tcherkez, G., & Farquhar, G. D. (2005). Carbon isotope effect predictions
for enzymes involved in the primary carbon metabolism of plant
leaves. Functional Plant Biology, 32(4), 277-291. https://doi.org/10.
1071/FP04211

Tcherkez, G., Farquhar, G. D., & Andrews, T. J. (2006). Despite slow cataly-
sis and confused substrate specificity, all ribulose bisphosphate car-
boxylases may be nearly perfectly optimized. Proceedings of the
National Academy of Sciences of the United States of America, 103(19),
7246-7251. https://doi.org/10.1073/pnas.0600605103

Tcherkez, G., Mahé, A., & Hodges, M. (2011). *2C/*3C fractionations in
plant primary metabolism. Trends in Plant Science, 16(9), 499-506.
https://doi.org/10.1016/j.tplants.2011.05.010

Thornton, P. E., Lamarque, J. F., Rosenbloom, N. A., & Mahowald, N. M.
(2007). Influence of carbon-nitrogen cycle coupling on land model
response to CO2 fertilization and climate variability. Global Biogeo-
chemical Cycles, 21(4), 4018. https://doi.org/10.1029/
2006GB002868

Tiziani, R., Pii, Y., Celletti, S., Cesco, S., & Mimmo, T. (2020). Phosphorus
deficiency changes carbon isotope fractionation and triggers exudate
reacquisition in tomato plants. Scientific Reports, 10(1), 1-12. https://
doi.org/10.1038/541598-020-72904-9

Triques, K., Rival, A,, Beulé, T., Dussert, S., Hocher, V., Verdeil, J. L., &
Hamon, S. (1997). Developmental changes in carboxylase activities in
in vitro cultured coconut zygotic embryos: Comparison with
corresponding activities in seedlings. Plant Cell, Tissue and Organ
Culture, 49(3), 227-231. https://doi.org/10.1023/A:
1005856212846

van de Wiel, C. C. M,, van der Linden, C. G., & Scholten, O. E. (2016).
Improving phosphorus use efficiency in agriculture: Opportunities
for breeding. Euphytica, 207(1), 1-22. https://doi.org/10.1007/
s10681-015-1572-3

von Caemmerer, S., Ghannoum, O., Pengelly, J. J. L., & Cousins, A. B.
(2014). Carbon isotope discrimination as a tool to explore C4 photo-
synthesis. Journal of Experimental Botany, 65(13), 3459-3470.
https://doi.org/10.1093/jxb/eru127

American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

Wang, Y. P., Houlton, B. Z., & Field, C. B. (2007). A model of biogeochemi-
cal cycles of carbon, nitrogen, and phosphorus including symbiotic
nitrogen fixation and phosphatase production. Global Biogeochemical
Cycles, 21(1). https://doi.org/10.1029/2006GB002797

Warren, C. R. (2011). How does P affect photosynthesis and metabolite
profiles of Eucalyptus globulus? Tree Physiology, 31, 727-739.
https://doi.org/10.1093/treephys/tprO64

Warren, C. R., & Adams, M. A. (2002). Phosphorus affects growth and par-
titioning of nitrogen to Rubisco in Pinus pinaster. Tree Physiology, 22,
11-19. https://doi.org/10.1093/treephys/22.1.11

Wei, S., Wang, X., Shi, D., Li, Y., Zhang, J., Liu, P., Zhao, B., & Dong, S.
(2016). The mechanisms of low nitrogen induced weakened photo-
synthesis in summer maize (Zea mays L.) under field conditions. Plant
Physiology and Biochemistry, 105, 118-128. https://doi.org/10.1016/
j-plaphy.2016.04.007

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis (3.3.5).
Springer. https://ggplot2.tidyverse.org

Zhang, Z., Liao, H., & Lucas, W. J. (2014). Molecular mechanisms underly-
ing phosphate sensing, signaling, and adaptation in plants. Journal of
Integrative Plant Biology, 56(3), 192-220. https://doi.org/10.1111/
jipb.12163

Zheng, S. J. (2010). Crop production on acidic soils: Overcoming aluminium
toxicity and phosphorus deficiency. Annals of Botany, 106(1), 183-
184. https://doi.org/10.1093/A0B/MCQ134

Zuo, Y., & Zhang, F. (2011). Soil and crop management strategies to pre-
vent iron deficiency in crops. Plant and Soil, 339(1), 83-95. https://
doi.org/10.1007/s11104-010-0566-0

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Trevisan, F., Tiziani, R., Hall, R. D.,
Cesco, S., & Mimmo, T. (2023). §*3C as a tool for iron and
phosphorus deficiency prediction in crops. Plant Direct, 7(3),
e487. https://doi.org/10.1002/pld3.487



https://doi.org/10.1111/j.1469-8137.2010.03178.x
https://doi.org/10.1111/j.1469-8137.2010.03178.x
https://doi.org/10.1071/FP04211
https://doi.org/10.1071/FP04211
https://doi.org/10.1073/pnas.0600605103
https://doi.org/10.1016/j.tplants.2011.05.010
https://doi.org/10.1029/2006GB002868
https://doi.org/10.1029/2006GB002868
https://doi.org/10.1038/s41598-020-72904-9
https://doi.org/10.1038/s41598-020-72904-9
https://doi.org/10.1023/A:1005856212846
https://doi.org/10.1023/A:1005856212846
https://doi.org/10.1007/s10681-015-1572-3
https://doi.org/10.1007/s10681-015-1572-3
https://doi.org/10.1093/jxb/eru127
https://doi.org/10.1029/2006GB002797
https://doi.org/10.1093/treephys/tpr064
https://doi.org/10.1093/treephys/22.1.11
https://doi.org/10.1016/j.plaphy.2016.04.007
https://doi.org/10.1016/j.plaphy.2016.04.007
https://ggplot2.tidyverse.org
https://doi.org/10.1111/jipb.12163
https://doi.org/10.1111/jipb.12163
https://doi.org/10.1093/AOB/MCQ134
https://doi.org/10.1007/s11104-010-0566-0
https://doi.org/10.1007/s11104-010-0566-0
https://doi.org/10.1002/pld3.487

	δ13C as a tool for iron and phosphorus deficiency prediction in crops
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Plant species
	2.2  Growing conditions
	2.3  Carbon isotope ratio determination
	2.4  Analysis of physiological parameters
	2.5  Statistical analysis

	3  RESULTS
	3.1  Stomatal conductance
	3.2  Photosynthetic rate
	3.3  Stable carbon isotope ratio (δ13C)
	3.3.1  Barley
	3.3.2  Cucumber
	3.3.3  Maize
	3.3.4  Tomato


	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


