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Abstract

Aims This study evaluated how iron nutrition affect
leaf anatomical and photosynthetic responses to low
cadmium and its accumulation in peanut plants.
Methods Seedlings were treated with Cd (0 and 0.2 uM
CdCl,) and Fe (0, 10, 25, 50 or 100 uM EDTA-Na,Fe)
in hydroponic culture.

Results Cadmium accumulation is highest in Fe-
deficient plants, and dramatically decreased with
increasing Fe supply. The biomass, gas exchange, and
reflectance indices were highest at 25 pM Fe?"
treatments, indicating the concentration is favorable for
the growth of peanut plants. Both Fe deficiency and Cd
exposure impair photosynthesis and reduce reflectance
indices. However, they show different effects on leaf
anatomical traits. Fe deficiency induces more and smaller
stomata in the leaf surface, but does not affect the inner
structure. Low Cd results in a thicker lamina with smaller
stomata, thicker palisade and spongy tissues, and lower
palisade to spongy thickness ratio. The stomatal length
and length/width ratio in the upper epidermis, spongy
tissue thickness, and palisade to spongy thickness ratio
were closely correlated with net photosynthetic rate,
stomatal conductance, and transpiration rate.
Conclusions Cd accumulation rather than Fe deficiency
alters leaf anatomy that may increase water use efficiency
but inhibit photosynthesis.
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Introduction

Cadmium (Cd) is a hazardous metal that is toxic to many
plant species at low concentrations. The phytotoxicity of
Cd is manifested as causing visual symptoms such as
chlorosis, necrosis and wilting, inhibition of plant
growth (Sanita di Toppi and Gabbrielli 1999), alteration
of structural and ultrastructural (Shi and Cai 2008;
Sridhar et al. 2005), reduction of leaf transpiration and
photosynthesis (Liu et al. 2011; Mobin and Khan 2007,
Shi and Cai 2008), and disturbances in mineral nutrition
(Ouariti et al. 1997).

Iron (Fe) is an essential element for plant growth
and plays a central role on overall physiology of the
plants. Although the total Fe content in soil regularly
exceeds plant requirements, it is present as oxihydrates
with low bioavailability (Guerinot and Yi 1994),
particularly in calcareous soils, which represent 30 %
of the earth’s surface (Imsande 1998). Fe deficiency
causes a range of deleterious effects (e.g. impairing
chlorophyll biosynthesis, chloroplast development,
and photosynthesis). Additionally, Fe nutrition has
been demonstrated to influence on the uptake and
accumulation of Cd in plants. Cd efficiently competed
with Fe transport via IRT1 and induced Fe deficiency
(Su et al. 2013a), so an efficient supply of Fe to plants
may decrease Cd uptake (Sarwar et al. 2010). On the
other hand, Fe deficiency can induce accelerated Cd
accumulation in plants (Rodecap et al. 1994; Su et al.
2013a). Therefore, understanding the effects of Fe
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nutrition on morpho-physiology and Cd accumulation
in plants is very important for crop safe production in
soils contaminated with Cd.

Leaves are the major organs of photosynthesis in
vascular plants. Leaf structure is closely associated with
its physiological function such as photosynthesis and
transpiration. Since the uptake and translocation of metals
in plants is closely related to the leaf transpiration rate,
studying changes in leaf tissues can help understanding
the process of metal accumulation (Gomes et al. 2011).
Although the Cd-induced alterations of leaf anatomic
structure have been investigated in several plant species
such as Indian mustard (Brassica juncea), peanut
(Arachis hypogaea), willow (Salix viminalis), wheat
(Triticum aestivum), tomato (Solanum lycopersicum),
pigeonpea (Cajanus cajan), and brachiaria (Brachiaria
decumbens) (Djebali et al. 2010; Gomes et al. 2011;
Khudsar and Igbal 2001; Kovacevi¢ et al. 1999; Shi
and Cai 2008; Sridhar et al. 2005; Vollenweider et al.
2006), little is known about the effects of Fe as well as Fe
and Cd interaction on the leaf anatomy.

We hypothesize that low Cd and varying Fe supply
may induce alteration of leaf anatomical structure in
peanut plants, thereby, influence gas exchange. We are
interested in the peanut as an experimental crop for
several reasons. Firstly, peanut is one of the four major
oil crops across the world that is susceptible to Fe
deficiency (Zuo and Zhang 2011). Secondly, peanut is
often grown in northern China on neutral and calcareous
soils, where Fe deficiency is one of the major limiting
factors for crop production (Zuo and Zhang 2011).
Thirdly, peanut has a higher capability to accumulate
Cd in both the vegetative organs and seeds (McLaughlin
et al. 2000; Su et al. 2013a, b). Finally, accumulation of
Cd in peanut plants is greatly enhanced by Fe
deficiency, depending on cultivars (Su et al. 2013a).

The current study was undertaken to test the
hypothesis that low Cd and varying Fe supply may
induce alteration of leaf anatomical structure in peanut
plants, thereby, influence gas exchange. The effects of
Fe nutrition on Cd accumulation in peanut plants were
also studied.

TF = [Cd} shoot/[Cd]root'
Total Cd in plants = shoot biomass x [Cd]

shoot

+ root biomass x [Cd]

Materials and methods
Experimental design

Seeds of peanut (Arachis hypogaea cv. Haihua 1)
were pre-soaked in distilled water for 24 h, and
then, they were sown in well washed sand for
germination. The 4-day-old seedlings with uniform
size were transferred to polyethylene pot (28.5 cmx
18.5 cmx8.8 cm, three seedlings per pot) filled
with 3.5 L of nutrient solution (pH 5.8) (Lu et al.
2013). The nutrient solution was renewed twice a
week. After an initial growth period of 14 days
under 25 uM EDTA-Na,Fe conditions, the
seedlings were treated with Cd (0 and 0.2 uM
CdCl,) and Fe (0, 10, 25, 50 or 100 uM EDTA-
Na,Fe) in hydroponic culture. The experiment was
arranged as a completely random design with three
replications (pots). Plants were grown in a growth
chamber with a 14-h photoperiod (irradiance of
500 pumol m 2 s '), day/night temperatures 28+
2/24+1 °C and relative humidity 37+1 %. The pots
were randomly moved daily to minimize position
effects. Twelve days after Cd and Fe treatments, plants
were sampled with leaves to assess the parameters
discussed below.

Plant growth and cadmium accumulation

The harvested plants were separated into roots and
shoots. Roots were washed with running tap water
and soaked in 20 mM Na,-EDTA for 15 min to
remove Cd*" adhering to root surfaces. The roots
and shoots were oven-dried for 30 min at 105 °C,
and then at 70 °C to a constant weight. The dried
tissues were weighed and digested with mixed acid
[HNO3;+HCIO4 (3:1, v/v)]. Cd concentration was
determined by flame atomic absorbance spectrometry
(AAS).

The translocation factor (TF), total Cd in plants and
percentage of Cd in shoots were calculated as follows:

root

Percentage of Cd in shoots = 100 x shoot biomass x [Cd],/total Cd in plants
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Spectral reflectance measurements

The spectral reflectance of the adaxial surface was
measured using a UNIspec spectral analysis system
(PP Systems, Haverhill, Massachusetts, USA) over the
range of 306-1,138 nm with a 2.0 mm diameter
foreoptic and an internal 6.8 W halogen lamp, as the
method described by Poulos et al. (2007). Two indices
based on the reflectance properties were calculated as
follows: (1) a revised version of the normalized
difference vegetation index (., NDI) as ¢, NDI=(R75¢—
R705)/ (R750+R70s) (Gitelson and Merzlyak 1994); (2)
the modified red edge simple ratio index (mSR7¢s) as
mSR705=(R70s~Raas)/(R750~Raas) (Datt 1999).

Gas exchange

Gas exchange parameters including net photosynthetic
rate (Pn), stomatal conductance (Gs), intercellular CO,
concentration (Ci), and transpiration rate (E) was
measured on the highest fully expanded leaf using a
portable photosynthesis system (LiCor-6400; Lincoln,
NE, USA) equipped with a blue—red light-emitting diode
(LED) light source. This experiment was conducted at
irradiance of 1,000 pmol m > s, leaf temperature of
25 °C, and CO, concentration of 380+5 pmol mol .
Water use efficiency (WUE) was calculated as Pn/E.

Leaf anatomical measurements

Sections (5% 10 mm) were excised from the middle of
the lamina, along with the mid-rib, and fixed in FAA
(formaldehyde : acetic acid : 50 % ethanol, 5 : 5 : 90).
The samples were dehydrated in an increasing alcohol
concentration, embedded in paraffin, sectioned using
an ultra microtome (12 pm thick) and stained with fast
green.

To determine the length, width, and density of
stomata apparatus on adaxial and abaxial surfaces, a
thin layer of nail polish was applied to the epidermis.
Once dry, the nail polish layer was carefully peeled-off
with adhesive tape, then fixed on a microscope slide.

All anatomical characteristics were measured using
the Image-Pro Express version 6.0 software with an
Olympus BX51 light microscope (Olympus, Japan)
equipped with a DP71 digital CCD device. Six leaves

per treatment were used for each cultivar, and three
separate counts were carried out on each leaf.

Statistical analysis

All data were subject to ANOVA, and statistical
significance of the means was compared using
Duncan’s multiple range test at the 5 % probability level
using SPSS software. Relationships between leaf traits
were evaluated using Pearson’s correlations.

Results
Plant growth

Different Fe treatments affected peanut plant growth
(Table 1). The root and shoot biomass were highest in
the 25 uM Fe?* treatments, regardless of the presence or
absence of Cd. In contrast to 25 uM Fe?" treatment, both
the Fe deficiency (0 1M Fe?") and excess (100 uM Fe*")
significantly reduced shoot biomass. Root biomass was
decreased in Fe excess treatment compared with 25 uM
Fe®" treatment, while it was not changed in Fe deficient
treatment, resulting in a higher root /shoot ratio. Cd
exposure did not affect the shoot and root biomass as
well as the root /shoot ratio. The effects of Fe and Cd
interactions on plant growth were not significant.

Cd accumulation and translocation in plants

The accumulation and translocation of Cd in peanut
plants were dramatically influenced by Fe nutrition
(Table 2). The highest Cd concentrations in roots and
shoots were observed in Fe deficient treatment (0 pM
Fe?"), and they were steadily decreased by the increasing
of Fe supply. Similar trend was observed in the total Cd
in plants. The percentage of Cd in shoots and 7F showed
a tendency to increase with increasing Fe concentrations
in the nutrient solution. There are negative linear
correlations between Cd concentration in roots and
percentage of Cd in shoots (Fig. 1a), and between total
Cd in plants and percentage of Cd in shoots (Fig. 1b).
Moreover, asymptotic correlations were also observed
between Cd concentration in roots and TF (Fig. 1c), and
between total Cd in plants and TF (Fig. 1d).
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Table 1 Dry biomass

production of peanut plants Treatments Shoot biomass (g plant ')~ Root biomass (g plant™')  Root /shoot ratio
grown in different Fe nutrition
with or without 0.2 uM Cd-
Cdfor12d 0 uM Fe?* 0.88+0.07 cd 0.23+0.01 a 0.27+0.03 a
10 uM Fe** 0.95+0.05 abc 0.20+0.01 ab 0.21+0.00 b
25 uM Fe** 1.08+0.10 ab 0.23+0.02 a 0.21+0.00 b
50 uM Fe** 0.97+0.02 abc 0.20+0.02 ab 0.20+0.01 b
100 uM Fe** 0.91+0.04 bed 0.17+0.01 be 0.19+0.01 b
Cd+
0 uM Fe** 0.80+0.04 cd 0.21+0.01 ab 0.26+0.01 a
10 uM Fe** 0.82+0.06 cd 0.17+0.01 be 0.21+0.02 b
25 puM Fe** 1.14+0.04 a 0.23+0.01 a 0.20+0.00 b
) 50 uM Fe?* 0.97+0.09 abc 0.18+0.01 be 0.19+0.02 b
Values (mean+SE, n=3) with -
different letters in a column 100 uM Fe 0.75+0.03 d 0.15+0.00 ¢ 0.19+0.00 b
indicate significant differences ANOVA
between treatments at the 0.05 cd 2.93 s, 2.57 n.s 0.03 n.s.
level Fe 7.62%% IRIES B2 1k
s not significant CdxFe 113 ns. 0.55 n.s, 0.13 ns.

**P<0.01, #+*%P<0.001

Gas exchange

All the gas exchange parameters including Pn, Gs, Ci,
and E were significantly affected by Fe and Cd
treatments (Fig. 2). The Pn, Gs, and E were highest in
the 25 uM Fe®" treatment, intermediate in 10 and
50 uM Fe?" treatments, and lower in 0 and 100 uM
Fe?" treatments; this was more pronounced in the
presence of Cd. Exposure to Cd markedly decreased
the Pn, Gs, and E. There were significant Cd and Fe
interactions on Pn and Ci, indicating Cd-induced
changes of Pn and Ci depend on Fe nutrition.

The WUE was considerably affected by Fe and Cd
treatments as well as their interaction (Fig. 3). Overall,
the WUE was lower in Fe-deficient treatment than other

treatments, particularly in the absent of Cd. Exposure to
Cd increased WUE, depending on Fe nutrition.

Spectral reflectance

Spectral reflectance was significantly affected by Cd
and Fe as well as their interaction could be most clearly
seen using a variety of reflectance indices (Fig. 4). By
contrast, Fe deficient treatment (0 uM Fe®") showed
the lowest mSR7ys and ., NDI, whereas the highest
mSR;¢s and ., NDI were found in the 25 pM Fe*"
treatment. Overall, the mSR,ys and ., NDI were
markedly reduced by 0.2 uM Cd, but this is dependent
on Fe supply (Fig. 4).

Table 2 Cadmium

accumulation and translocation Treatments Cd concentration Total Cdin ~ Percentage of TF
in peanut plants grown in (mg kg'') plant (ug)  Cd in shoots (%)
different Fe nutrition with
0.2 uM Cd for 12 d Root Shoot
0 uM Fe** 126.3+54a 248+l.1a 462+13a 043+£0.02c 0.20+0.01 b

) 10 uM Fe** 73.4+54b 15740.8b 252+09b 0.51£0.03 b 0.21+0.00 b
Values (mean+SE, n=3) with -
different letters in a column 25 uM Fe 540443 ¢ 11.4+02c¢ 253+0.6b 0.51+0.02b 0.21+0.01 b
indicate significant differences 50 uM Fe** 15.0+¢1.3d 55+03d 8.1£0.2c 0.65+0.02 a 0.37+0.05 a
between treatments at the 0.05 100 pM Fe** 62+04d  24+0.1e  2.7+0.0d 0.66+0.01a 0.39+0.02 a

level
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Stomatal characteristics in peanut leaves

Exposure to Cd did not affect the stomatal densities in
both the adaxial and abaxial leaf side (Fig. 5), but

Fig. 2 Net photosynthetic rate
(a), stomatal conductance

(b), intercellular CO,
concentration (c), and
transpiration rate (d) of peanut
plants grown in different Fe
nutrition with (black bars) or
without (white bars) 0.2 pM
Cd for 12 d. Different letters
above the error bars indicate
values (mean+SE, n=18)
significantly different between
treatments at the 0.05 level. ns
not significant, *** P<0.001
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Ci (umol (CO)) mol) ©
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(=]

500+

400+

Root Cd concentration (ug g'l)

Total Cd in plants (ug)

appeared to change the size of stomatal apparatus
(Table 3). Cd induced decreases in the length of the

Cd F=207.5 #**
Fe F=200.0 ***
CdxFe F=17.8 ***

Cd F=16.0 ***
Fe F=10.8 ***
Cd xFe F=6.2 ***

0 10 25 50 100

Fe™" concentration (uM)

Gs (mol (HO)m’s") ©

E (mmol (HO)m’s") o

stomatal apparatus, but enhanced their width, resulting
in a lower length /width ratio (Table 3).

0.3
Cd F=75.8 ##*
Fe F=13.3 s
CdxFe F=1.0ns.
0.2
0.1
0.0
84 .
Cd F=97.3 ik
Fe F=17.0
64 Cdx Fe F=09n.s.
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Fe’" concentration (uM)
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Fig. 3 Water use efficiency (WUE) of peanut plants grown in
different Fe nutrition with (black bars) or without (white bars)
0.2 uM Cd for 12 d. Different letters above the error bars indicate
values (mean+SE, n=18) significantly different between
treatments at the 0.05 level. **P<0.01, ***P<0.001

Iron nutrition affected the stomatal characteristics
including densities, length, width, and length /width
ratio of the abaxial and adaxial leaf surface (Table 3,
Fig. 5). Compared with 25 uM Fe*' treatment, in
which the plants had the longest stomatal apparatus,
Fe deficiency (0 pM Fe®") caused more and smaller
stomatal apparatus in both the abaxial and adaxial leaf
surface.

Leaf anatomical structure

The internal leaf structure of peanut leaves was
affected by low Cd treatment (Table 4). Compared with
the plants grown in nutrient solution without Cd, the
Cd-exposed plants showed thicker leaves with thicker
palisade and spongy tissues, smaller palisade to spongy
thickness ratio, and thinner upper epidermis. Despite
Fe nutrition did not alter the leaf anatomic structure
except the thickness of the upper epidermis, there were
significant Fe and Cd interactions on the thickness of
lamina, upper epidermis, lower epidermis, and palisade
tissue.

Relationships between gas exchange, reflectance
indices and anatomical properties

From Table 5, one can see that the three gas exchange
parameters, Pn, Gs and E, were positively correlated
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Fig. 4 Modified red edge simple ratio index (a) and normalized
difference vegetation index (b) of peanut plants grown in
different Fe nutrition with (black bars) or without (white bars)
0.2 uM Cd for 12 d. Different letters above the error bars indicate
values (mean+SE, n=18) significantly different between
treatments at the 0.05 level. **P<0.01, ***P<(0.001

with each other, whereas they did not significantly
relate to Ci. There were positively correlations between
mSR7os and ., NDI. These parameters were also found
to positively correlated with Pn (Table 5).

The results presented in Table 6 showed that the
Pn was positively associated with the length and
length /width ratio of stomatal apparatus in upper
epidermis, and palisade to spongy thickness ratio, but
negatively correlated with the stomatal density in lower
epidermis and spongy tissue thickness (Table 6). Both
the Gs and E were observed to positively correlated with
the length and length /width ratio of stomatal apparatus
in upper epidermis, upper epidermis thickness, and
palisade to spongy thickness ratio, while negatively
correlated with the lamina thickness and spongy tissue
thickness (Table 6).
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Fig. 5 Stomatal density in adaxial (a) and abaxial (b) leaf
surface of peanut plants grown in different Fe nutrition with
(black bars) or without (white bars) 0.2 uM Cd for 12 d.
Different letters above the error bars indicate values (mean+
SE, n=12) significantly different between treatments at the
0.05 level. ns not significant, **P<0.01, ***P<0.001

Discussion

Effects of Fe nutrition on Cd accumulation in peanut
plants

Interactions between Cd and Fe have attracted
considerable attention, and antagonistic effects
between the two elements have often been reported
(Cohen et al. 1998; Martin et al. 2012; Shao et al.
2007; Su et al. 2013a). As expected, our results
indicated that Cd uptake and its accumulation in peanut
plants are dependent on Fe supply in the nutrient
medium. By contrast, Fe-deficient plants showed the
highest Cd concentration in roots and shoots as well as
total Cd in plants (Table 2). This finding is consistent

with that reported in the literatures (Astolfi et al. 2012;
Siedlecka and Krupa 1996). Interestingly, we found
that Cd accumulation in peanut plants was steadily
decreased by the increasing of Fe supply. The present
data appear to indicate that there may be a competition
between Cd and Fe absorption in peanut roots. Indeed,
symplastic absorption of Cd efficiently competed with
Fe for limited specificity of Fe*" transporters such as
IRT1 has been reported in both the Strategy I (all plants
except graminaceous monocots) (Cohen et al. 1998;
Connolly et al. 2002; Eide et al. 1996; Ueno et al.
2008) and Strategy II plants (graminaceous monocots)
(Astolfi et al. 2012; Nakanishi et al. 2000) .

Different results were reported on influence of
external Fe supply on translocation of Cd within plants.
For instance, Siedlecka and Krupa (1996) suggested that
Fe deficiency result in increase translocation of Cd to
leaves, while excessive Fe supply enhances Cd
immobilization in roots of pea. In contrast, Su et al.
(2013a) found that Fe deficiency causes a reduction in
Cd translocation to shoots despite it substantially
increases Cd absorption and accumulation in peanut
plants. In the present study, both the 7F and percentage
of Cd in shoots showed a tendency to increase with
increasing Fe concentrations in the nutrient medium.
The results were consistent with our previous findings
(Suetal. 2013a), but quite opposite to those of Siedlecka
and Krupa (1996). The negative linear relationship
between Cd accumulation (Cd concentration in roots
and total Cd in plants) and percentage of Cd in shoots
(Fig. 1a and b) indicates that more Cd take-up by roots,
less proportion of Cd translocate to shoots. This, together
with the exponential relation between the Cd
accumulation (Cd concentration in roots and total Cd in
plants) and 7F (Fig. 1c and d), suggests that the root-to-
shoot transport may be saturated by the increased Cd
absorption induced by decreasing Fe supply.

The results obtained in this study appear to be useful
for safe crop production with low Cd content. Firstly, the
fact that Fe deficiency substantially increase Cd
absorption and accumulation provides evidence for the
assumption that, when the Fe-deficient soils be polluted
by Cd, more risks would pose to human health (Su et al.
2013a). Secondly, Fe fertilization may be a promising
technology to control Cd accumulation in crops grown
in Cd-polluted soil, because high Fe nutrition was
demonstrated to reduce Cd uptake and accumulation in
plants by competing with Cd limited common
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Table 3 Stomatal size in adaxial and abaxial leaf surface of peanut plants grown in different Fe nutrition with or without 0.2 uM Cd for

12d
Treatments Adaxial surface Abaxial surface
Length (um) Width (pm) Length /width ratio Length (um) Width (pm) Length /width ratio
Cd—
0 uM Fe** 26.3+0.2b 12.5+0.2 be 2.12+0.03 bed 31.5+£0.3 be 16.6+0.3 be 1.91+0.02 b
10 uM Fe** 26.4+0.2 b 12.4+0.2 be 2.16+0.04 abc 33.0£04 a 16.4+0.2 cd 2.03+0.04 ab
25 uM Fe?* 27.4+0.2 a 123+0.2 ¢ 2.26+0.04 a 329+0.2 a 16.4+0.3 cd 2.04+0.03 ab
50 uM Fe?* 274+0.2 a 12.6+0.2 be 2.21+0.03 ab 31.2+0.3 be 153+0.2 ¢ 2.07+0.04 a
100 uM Fe** 272403 a 12.6+0.2 be 2.19+0.05 ab 31.2+0.3 be 15.8+0.3 cde 2.01+0.04 ab
Cd+
0 uM Fe** 24.0+£0.2 ¢ 12.7+0.2 be 1.92+0.04 f 30.7£03 ¢ 17.3£0.3 ab 1.80+0.04 ¢
10 uM Fe** 26.4+0.2 b 13.5+£0.3 a 2.00+0.04 def 31.8£0.3 b 17.9+03 a 1.80+0.03 ¢
25 uM Fe?* 27.7+0.2 a 13.6+0.2 a 2.07+0.04 cde 32.0+0.3b 16.5+0.3 bed 1.98+0.04 ab
50 uM Fe?* 26.0+0.2 b 13.5£0.2 a 1.96+0.03 ef 31.3£0.3 be 15.7+£0.3 de 2.02+0.04 ab
100 uM Fe** 25.9+0.2b 13.0+0.2 ab 2.02+0.04 def 31.6+0.2 be 15.9+0.3 cde 2.01+0.03 ab
ANOVA
Cd 45.0%** 31.8%%* 58.2%%* 5.8% 10.6** 13.4%5%%
Fe 30.0%%* 1.2 ns. 3.6% 8.8¥H* 13.2%%%* 8.3%**
CdxFe 11.4%%* 2.3 ns. 0.4 n.s. 2.7* 2.4 n.s. 2.9%

Values (mean+SE, n=>54) with different letters in a column indicate significant differences between treatments at the 0.05 level. ns: not

significant
*P<0.05, **P<0.01, ***P<0.001

transporter and/or inhibiting their expression. Shao et al.
(2008) showed that soil application of Fe fertilizer
(EDTA—Na,Fe) significantly reduced Cd concentration
in rice grain, shoots and roots. Additionally, it may be
possible to develop low-Cd transgenic varieties by
genetically modifying the Fe transporter gene (Shao
et al. 2007).

Effects of Fe nutrition on leaf morpho-physiology
of peanut plants

The data presented here show that seedlings treated with
25 uM Fe?* had the highest biomass, efficient
photosynthesis as indicated by gas exchange parameters
(Pn, Gs and E), and highest mSR (5 and ,;NDI. Because
the mSR,os were effective in describing changes in
chlorophyll content, and .,NDI is usually correlated
with chlorophyll a concentration (Liu et al. 2011; Sims
and Gamon 2002), the highest mSR;ps and ., NDI
represent a highest chlorophyll content in plant leaves.
These data indicate Fe applied at 25 uM Fe?" is the most
favorable to the growth of peanut plants.

@ Springer

In contrast to the normal Fe condition (25 pM Fe?*),

we found that Fe deficiency (0 uM Fe?") significantly
inhibits shoot growth and impairs photosynthesis.
Analogous results have been reported by several authors
(Fernandez et al. 2008; Larbi et al. 2006). The decrease
of Pn in Fe-deficient plants was accompanied with a
decrease in Gs and E (Fig. 2). These results, as
suggested by Larbi et al. (2006), indicate that the
decrease in Pn induced by Fe deficiency in peanut plants
may be attributed to decreases in stomatal opening and
transpiration rates. However, the increased Ci under Fe
deficiency (Fig. 2c) suggests some non-stomatal factors
are also involved in the inhibition of photosynthesis by
Fe deficiency (Larbi et al. 20006). Indeed, significant
decreases in mSR7os and .,NDI were observed in Fe-
deficient plants. Moreover, these parameters were also
observed to positively correlated with Pn. Thus, the
reduction of photosynthetic rate may also result from
the decrease in chlorophyll content in Fe-deficient
peanut plants.

The effects of Fe deficiency on the leaf stomatal
characteristics have not been extensively investigated
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Table 4 Leaf inner anatomical traits of peanut plants grown in different Fe nutrition with or without 0.2 uM Cd for 12 d

Treatments Lamina Upper epidermis ~ Lower epidermis ~ Palisade tissue ~ Spongy tissue Palisade to spongy
thickness (wm)  thickness (pm) thickness (p1m) thickness (wm)  thickness (wm)  thickness ratio
Cd—
0 uM Fe** 20442 cd 15.8+0.5 ab 13.9+0.4 b 83.1+1.8 cd 91.5+1.9 ef 0.93+0.04 a
10 uM Fe** 1972 d 14.0£0.4 cd 13.9+04 b 80.4+1.3d 89.1£19f 0.92+0.03 ab
25 uM Fe** 205+£2 ¢ 16.7+£0.6 a 155+04 a 82.8+1.4 cd 90.7+2.4 ef 0.94+0.04 a
50 uM Fe?* 20243 ¢d 15.3+0.5 abc 13.8+0.3 b 82.9+1.4cd 90.4+2.6 ef 0.94+0.03 a
100 uM Fe**  207+2 be 15.4+0.6 abc 13.4+£03 b 84.7+1.6 bed 93.6+£2.2 def  0.93£0.03 ab
Cd+
0 uM Fe** 221+4 a 13.2+0.5d 142+£0.6 b 85.3+1.8 bed 107.2+2.8 a 0.81+0.02 ¢
10 uM Fe** 21942 a 14.440.4 bed 142404 b 86.0+1.4 abc 104.1+1.7 ab 0.84+0.02 be
25 uM Fe?* 21542 a 14.5+0.6 bed 13.9+0.4 b 88.3+1.8 ab 98.2+2.1 bed  0.92+0.03 ab
50 uM Fe?* 215+2a 14.5+0.4 bed 13.8+0.4 b 90.5+1.7 a 96.6£2.1 cde  0.96+0.03 a
100 uM Fe*"  214+3 ab 15.3+0.3 abc 144+£03 b 82.4+1.7 cd 102.0+£2.0 abc ~ 0.82+0.03 ¢
ANOVA
Cd T1.5%%* 11.4%%* 0.0 n.s. 13.9%%* 57.7%%* 10.4%*
Fe 0.9 n.s. 2.7 % 1.6 n.s. 1.7 n.s. 2.3 ns. 2.8 n.s.
CdxFe 2.8% 3.4 % 2.9 * 3.0 % 2.0 n.s. 1.8 n.s.

Values (mean+SE, n=36) with different letters in a column indicate significant differences between treatments at the 0.05 level

ns not significant
*P<0.05, **P<0.01, ***P<0.001

so far, despite the fact that it is the limiting barrier for
the exchange during photosynthesis (Biissis et al. 2006).
Fernandez et al. (2008) found that, in pear and peach, Fe
chlorotic leaves had reductions in the size of guard cells
as compared to Fe-sufficient ones, while stomatal
densities were not significantly affected by chlorosis.
The results obtained in this study showed that,
compared with the normal Fe condition (25 uM Fe**
treatment), Fe deficiency (0 uM Fe”") caused an
increase in stomatal density, but a decrease in stomatal
length in both the abaxial and adaxial leaf surface. The
reduction in the stomatal size possibly as a result of the

Table 5 Correlations (n=10) between gas exchange parameters
and reflectance indices

Gs Ci E mSRys  ouNDI
Pn 083" -0.07 0.83" 0.817" 0.74"
Gs 041 098" 0.50 0.41
Ci 0.27 -0.19 -0.23
E 0.51 0.41
mSRs 0.98""

*P<0.05, **P<0.01

reduction in leaf growth and expansion processes due to
Fe shortage (Shimshi 1967). According to Fernandez
et al. (2008), final stomatal densities can be affected by
disturbances both in differentiation and expansion
processes. They suggest that Fe shortage may affect
stomatal differentiation, because in Fe chlorotic pear
and peach leaves, leaf expansion and the absolute
number of stomata per leaf was reduced, whereas
stomatal density was not changed significantly.
However, in the present study, increased stomatal
densities in leaves of Fe-deficient peanut plants indicate
that Fe deficiency may also hinder leaf expansion
processes.

Smaller stomata which show greater membrane
surface area to volume ratio, may have faster response
times compared with larger stomata (Drake et al.
2013). Smaller stomata in combine with high density
may allow the leaf to attain high operating stomatal
conductance rapidly under favorable conditions, and to
reduce conductance rapidly when conditions are
unfavorable (Drake et al. 2013). Such a stomatal
feature usually results in a high WUE, and is
considered as a xerophytic characteristics of leaves
(Shi and Cai 2009). In the present study, we found that,
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Table 6 Correlations (n=10)
between gas exchange

Pn Gs Ci E

parameters and leaf anatomical

features Stomatal length in upper epidermis 0.82"" 0.75" 0.05 0.78"
Stomatal width in upper epidermis -0.05 —045 -0.46 —0.46
Length/width ratio of stomatal apparatus in upper epidermis ~ 0.66"  0.85" 0.3 0.88""
Stomatal length in lower epidermis 0.53 048 —0.17 0.52
Stomatal width in lower epidermis -0.37 —045 -0.57 —0.36
Length/width ratio of stomatal apparatus in low epidermis 0.6 0.63 042 0.56
Stomatal density in upper epidermis -042 —024 -0.04 0.2

Stomatal density in lower epidermis

Lamina thickness

Upper epidermis thickness
Lower epidermis thickness
Palisade tissue thickness

Spongy tissue thickness

Palisade to spongy thickness ratio

*P<0.05, **P<0.01

—-0.64" —037 039 —0.44
-044 -0.71" —04 —0.70"
044 071" 063 0.66"
0.15 024 011 024
0.12 -022 -028 —0.27
-0.67" —0.88"" —044 —0.84""
0.80°" 0.86" 037 079"

despite the Fe-deficient leaves have smaller and
abundant stomata, they show relatively low WUE
compared Fe-sufficient ones (Fig. 3). The results
obtained in this study provide evidence for the
hypothesis that although Fe chlorosis affect stomatal
behavior, cuticular rather than stomatal factors could
be responsible for the more pronounced water loss
(Anderson 1984; Fernandez et al. 2008). The reduction
of abaxial cuticular weight per unit surface induced by
Fe deficiency has been reported by several authors
(Anderson 1984; Fernandez et al. 2008).

Several studies have focused on the effects of Fe
deficiency on leaf anatomical features. Maldonado-
Torres et al. (2006) suggested that chlorotic leaves were
thicker than green ones, due to increases in the palisade
and spongy parenchyma cell length and thickness. In
contrast, no significant differences regarding leaf
thickness were found between Fe-sufficient and Fe-
deficient leaves of pear and peach (Fernandez et al.
2008; Morales et al. 1998). Our results, in accordance
with the findings on pear and peach (Fernandez et al.
2008; Morales et al. 1998), showed that neither leaf
thickness nor palisade and spongy tissue thickness were
affected by Fe nutrition status. It seems that the inner
anatomical structure exhibits less plasticity in response
to varying Fe nutrition.

Although there were no major differences in ¢, NDI
and anatomical traits of the Fe excess (100 pM Fe*
treatment) leaves compared to those under normal Fe
condition (25 uM Fe?" treatment), Fe excess clearly had

@ Springer

a dramatic effect on plant growth and photosynthesis.
The reduction in Pn by Fe excess was associated with
the decreasing of Gs and E, while the Ci remain
unchanged or even increased in Cd-exposed plants.
These results indicated that, apart from stomatal
limitation, Fe excess also induces non-stomatal
mechanisms that may cause an inhibition in
photosynthesis. According to Kampfenkel et al.
(1995), Fe excess can generate oxidative stress that
may cause photoinhibition, increase the reduction of
photosystem II, and enhance thylakoid energization,
consequently, result in an inhibition of photosynthesis.

Effects of Cd on leaf morpho-physiology of peanut
plants

Although large amount of studies have been carried out
for determining the influences of Cd on leaf morpho-
physiology of plants including peanut, this study firstly
investigated the effects of low Cd on leaf anatomy in
relation to gas exchange under different Fe status. Our
results showed that Cd applied at low concentration
(0.2 uM) does not affect the root and shoot biomass as
well as root/shoot ratio. However, it induces some
noteworthy changes in leaf spectral reflectance, gas
exchange and anatomical structure, depending on
exogenous Fe nutrition.

Our results, in agreement with earlier reports (Liu
et al. 2011), showed that low-Cd markedly impairs
photosynthetic rate of peanut, in which both stomatal
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and non-stomatal limitation are involved. Such
conclusion was proven by the following observations:
(1) the reduction of Pn was significantly associated
with the decreasing of Gs and E (Fig. 2, Table 5), and
in some cases (0, 10 and 25 uM Fe?" treatments), Cd-
induced decrease in Ci were also observed (Fig. 2).
These results suggest that the Cd-induced decrease of
Pn may be attributed to stomatal limitation, particularly
in Fe-deficient or -sufficient peanut plants. (2) Cd
caused a reduction in chlorophyll content as indicated
by mSR¢s and .y NDI (Fig. 4), and these reflectance
indices were observed to positively correlated with Pn,
indicating that the reduction of chlorophyll content
may be responsible for the decrease of photosynthetic
rate in Cd-exposed peanut plants.

Gas exchange is regulated by controlling the
aperture of the stomatal pore and the number of
stomata that form on the epidermis (Hetherington and
Woodward 2003). In arid environments, smaller
stomata allow a rapid response to water stress, while
high densities allow maximization of CO, diffusion
during optimal photosynthetic conditions (Beaulieu
et al. 2008; Hetherington and Woodward 2003). Our
result indicates that exposure to low-Cd resulted in a
decreases in stomatal length and length /width ratio
(Table 3), while the stomatal density was unaffected
(Fig. 5). Similar results have been reported by Shi and
Cai (2008). There were positive correlations between
gas exchange parameters (Pn, Gs and E) and size
(Iength and length /width ratio) of stomatal apparatus
in the upper epidermis (Table 6). Therefore, the smaller
stomata induced by low Cd may be fast stomatal
response but limit gas exchange, resulting in an increase
of WUE (Fig. 3).

Furthermore, we found evidence that low-Cd affect
gas exchange by modifying leaf anatomical structure,
depending on Fe supply. Cd applied at low
concentration resulted in a thicker lamina with thicker
palisade and spongy tissues, and lower palisade to
spongy thickness ratio. The results obtained in this
study are in accordance with the earlier findings (Shi
and Cai 2008, 2009). By contrast, Cd-induced
alterations in leaf anatomy were more pronounced in
Fe-deficient plants, while in Fe-excess plants, Cd
only increased the thickness of spongy tissues,
resulting in a decrease of the palisade to spongy
thickness ratio (Table 4). Fe nutrition affects Cd-
induced alterations in leaf anatomy may be attributed
to the changes of Cd concentration in plant tissues by

Fe supply. This was illustrated by the positive
correlations between lamina thickness and Cd
concentrations in root (¥=0.93, p<0.05, n=5) and shoot
(r=0.95, p<0.05, n=5), and negative correlations
between the upper epidermis thickness and Cd
concentrations in root (r=-0.92, p<0.05, n=5) and
shoot (r=—0.93, p<0.05, n=5).

There were significant and positive correlation
between the lamina thickness and palisade (=0.70,
p<0.05, n=10), and between the lamina thickness
and spongy thickness (»=0.78, p<0.01, n=10),
indicating Cd-induced thicker lamina was due to an
increased mesophyll tissues, particularly the spongy
tissues. An increase in mesophyll thickness presents a
greater cell wall area for CO, diffusion and so should
tend to decrease liquid-phase resistance (Mediavilla
et al. 2001). The high palisade to spongy ratio are
considered as an adaptation for light capture (Fahn
1982); consequently, the low palisade to spongy ratio
might partly result in reduction of utilization of light.
Actually, we found that the gas exchange parameters
(Pn, Gs and E) positively correlated with the palisade
to spongy thickness ratio, but negatively correlated
with the spongy thickness (Table 6). Thus, we
concluded that leaf anatomical features induced by
Cd exposure may increase WUE at the cost of loss of
photosynthesis.

Conclusions

The uptake and accumulation of Cd in peanut plants
are influenced by Fe supply. Cd accumulation is
highest in Fe-deficient plants, and dramatically
decreased with increasing Fe supply. Fe nutrient
significantly affects plant growth and leaf morpho-
physiology of peanut. Fe applied at 25 uM Fe*" is
the most favorable to the growth of peanut plants. Fe
deficiency (0 uM Fe®") causes smaller and abundant
stomata in the leaf surface and decreases chlorophyll
content as indicated by mSR;ys and .;;NDI, leading to
inhibition of photosynthesis. Cd applied at low
concentration (0.2 pM) reduces chlorophyll content
and results in a thicker lamina with smaller stomata,
thicker palisade and spongy tissues, and lower palisade
to spongy thickness ratio; this is dependent on Fe
supply. Fe-induced alteration in Cd accumulation
rather than Fe nutrition itself affects leaf anatomy that
may change gas exchange.
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