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Leaf structural modifications in Populus x euramericana
subjected to Zn excess
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Abstract

In previous experiments elevated but sub-symptomatic applications of Zn (0.1 mM and 1 mM) caused impairments in
growth parameters and photosynthetic performance of Populus x euramericana (Dode) Guinier clone 1-214. The aim of
this work was to evaluate leaf morphological and anatomical traits in this clone in response to the same Zn
concentrations. The results showed that Zn treatments induced variations in leaf dry mass, area, mesophyll thickness,
intercellular spaces, stomatal density and size. Stronger modifications, especially concerning stomata characteristics
induced by 1 mM Zn, were consistent with physiological impairments while those induced by 0.1 mM Zn suggested a
compensatory strategy for maintaining functional integrity.
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Introduction

Pollution with heavy metals, including micronutrients
such as copper and zinc (Hermle et al. 2007, Gatti 2008,
Mourato et al. 2009, Wang et al. 2009), is one of the
major environmental problems worldwide. Zinc is an
essential metal in trace amounts for plants and organisms,
but becomes toxic when present in bioavailable forms at
excessive levels, producing dangerous effects on leaf
performance and plant growth similar to those induced by
cadmium (Lunackovd et al. 2003/4, Wojcik and
Tukiendorf 2005, Scebba et al. 2006, Markovska et al.
2009). Although information about the quantitative Zn
requirement of forest trees is sparse, the typical Zn
concentration required for adequate growth of most crops
is 15 - 20 mg kg''(DM) (Marschner 1995), and in conta-
minated soils it is easy to reach this threshold (Broadley
et al. 2007). Zinc inputs to the environment are largely
due to anthropogenic sources, such as fossil fuel com-
bustion, mine waste, agrochemicals, particles from
galvanized surfaces and rubber mulches (Broadley et al.
2007 and references within).

Poplar and willow plantations hold particular promise
as renewable energy crops, being fast-growing trees with
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the ability to tolerate and accumulate high levels of heavy
metals such as Zn and Cd, although a significant clonal
variation results due to their uptake (Lunackova et al.
2003/4, Laureysens et al. 2004, 2005, Wojcik and
Tukiendorf 2005, Giachetti and Sebastiani 2006, 2007,
Hermle et al. 2007). Furthermore, Populus nigra has
shown to be useful as a biomonitor in heavy metal
contaminated regions (Djingova et al. 1995). Although
these tree species have favourable characteristics as ideal
plants for phytoremediation (Sims et al. 2006, Shah and
Nongkynrih 2007), studies on the physiological and
molecular tolerance/defence mechanisms and heavy
metal accumulation remain relatively unknown. This
situation will soon be improved thanks to the recent
genome sequence project of Populus trichocarpa (Tuskan
et al. 20006), and by the fact that Populus has now been
internationally accepted as a model system for physio-
logical and molecular tree studies.

Poplar clone 1-214 is commonly used in Italian
plantations and studied for its response/tolerance to heavy
metals and air pollution stresses (Sebastiani et al. 2004,
Tognetti et al. 2004, Di Baccio et al. 2008). Some
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Sies - area of mesophyll surfaces directly exposed to intercellular air spaces on a leaf area basis; SN - stomata number; V - volume.
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physiological and molecular aspects of 1-214 response to
the excess of Zn and other heavy metals in hydroponic,
pot and lysimeter experiments have been published
recently (Di Baccio et al. 2003, 2005, 2009, Giachetti and
Sebastiani 2006). Alterations of photosynthetic perfor-
mance and growth parameters were found in clone [-214
subjected to the sub-symptomatic applications of 0.1 and
1 mM Zn, and leaves were found to be the organ that

Materials and methods

Plants and treatments: Woody cuttings of the hybrid
poplar [Populus x euramericana (Dode) Guinier] clone
[-214 were provided by the Agricultural Research
Council, Unit for Intensive Wood Production (Casale
Monferrato, Italy). They were rooted in mould in a
nursery and in spring (late March) 30 homogenously
rooted cuttings, uniform in size, were selected for the
experiments (bud break started in mid-March). After the
roots had been washed carefully with deionized water, the
rooted cuttings were transplanted into pots (12 dm”) filled
with a sand-Vermiculite (1:1, v/v) with Zn content (total:
41 £ 3 pg g’'; exchangeable: 3.2 + 0.4 ug g"). All plants
were supplied with macro- and micronutrients by a
modified Hoagland’s solution at pH 6.7, and kept in a
greenhouse at Pisa, Italy. The nutrient solution was
applied weekly and Zn (1 uM, control) was added as
ZnSQ, . 7 H,0. Within the greenhouse, the maximum
radiation on the top leaves was ca. 1500 umol(photon) m’
% 57!, while the maximum air temperature (30 + 2 °C) and
relative humidity (70 - 75 %) resulted in a leaf-to-air
vapour difference of 2 kPa.

Considering 1 pM (control) as the adequate
physiological requirement of Zn for plant mineral
nutrition (Taiz and Zeiger 1998), we tested Zn concen-
trations 100- and 1000-fold higher than that in control
solution. In addition to control, Zn treatments (0.1 and
1 mM; 1 dm’ solutions to each pot) were applied twice,
once in June and once in August.

Leaf morphology: At the end of the experiments (end of
September), after 3.5 months of Zn treatments, four
plants of each treatment were harvested, washed quickly
with distilled water and separated into leaves, stem, roots
and woody cutting. Total leaves (25 - 36) were separated
using the leaf plastochron index (LPI) into two groups:
younger (LPI =1 - 7) and older (LPI > 7) leaves. LPI is is
a plant leaf classification system based on the first fully
open, but not yet completely expanded, apical leaf
(Dickmann 1971); leaves of LPI = 1 - 4 were still
expanding, while leaves with a higher LPI were fully
expanded. Visual toxicity symptoms (such as leaf chlo-
rosis) were not observed on any group of leaves of the
treated plants. The younger leaves undergo most relevant
physiological, biochemical and molecular modifications
(Di Baccio et al. 2003, 2005, 2008) and, for this reason,
the analyses were focused on the younger leaves.

POPLAR LEAF RESPONSE TO ZINC

retained the higher amounts of Zn (Di Baccio et al. 2003).

In this article, we point out if these physiological
impairments due to Zn were caused by leaf
morphological and anatomical modifications. Stomatal
density, guard cell length, mesophyll thickness and
intercellular air spaces of frozen-hydrated (FH) leaves
were determined by cryo-scanning electron microscopy
(cryo-SEM).

Leaf fresh mass (FM) was immediately recorded, then
the leaves were oven dried at 60 °C to a constant mass for
dry mass (DM) determinations. Specific leaf area (SLA)
was determined as the projected leaf area (m?) per leaf
DM (kg). The leaf area ratio (LAR) was calculated using
the equation LAR = SLA x LMR, where leaf mass ratio
(LMR) is the fraction of the total biomass allocated to the
leaves [mass of leaf (kg)/mass of plant (kg)]. Leaf tissue
density (LTD) was obtained from the ratio of FM (g) and
leaf volume (V; cm®), calculated by the product of leaf
area and leaf thickness determined on frozen-rehydrated
(FH) samples by cryo-SEM. Mesophyll volume (V mesophyi)
was calculated by the product of leaf area and total
mesophyll thickness. Leaf area (LA), excluding petiole,
was measured using a scanner and an image analysis
software (Scion Image, release 4.0.2, Scion Corporation,
Frederick, MD, USA). The two main orthogonal leaf
diameters (D; and D,) were recorded for each leaf of the
plants from each Zn treatment. At the end of the
experiment the product (D; x D,) of the two main
orthogonal leaf diameters was calculated for each leaf of
each plant and correlated to the corresponding LA using
three linear regressions (one for each Zn treatment,
#* values ranging from 0.97 to 0.98). In order to estimate if
the three linear regressions were different from each other,
a homogeneity test for the regression coefficients (slope
and intercept) was applied at 1 % level of significance.

Leaf anatomy: Observations of stomatal density
(Sq; adaxial and abaxial surfaces) and mesophyll
thicknesses were made on six portions (10 mm diameter
discs) of 4 younger leaves collected at the end of the
treatment from 4 plants for each of the Zn doses. The leaf
portions were selected between second-order veins, the
central part of the leaf blade, immediately plunged in
liquid N,, and stored there until observation. The
FH samples were mounted on aluminium stubs with
Tissue-Tek (Miles, Elkhart, IN, USA). Specimens were
moved to a cryo-preparation chamber (SCU 020,
Bal-Tech, Liechtenstein), freeze-fractured by a motor-
driven fracturing microtome at -120 °C, surface etched
for 5 min at -80 °C under high vacuum (< 2 x 10™ Pa),
and sputter-coated with 10 nm of gold in an argon
atmosphere (< 2.2 x 107 Pa) to produce an electrically
conductive surface. FH specimens were then transferred
into a cryo-stage (-180 °C) inside the scanning electron
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microscope (SEM, model 515, Philips, Eindhoven, The
Netherlands). Slow-scan images were digitised at 768 x
576 pixels (256 grey levels) and analysed with AnalySIS
2.1 (Soft-Imaging Software, Miinster, Germany). Number
of stomata of five fields (574.4 x 430.8 pm) per sample
was determined. Of these stomata the guard cell length
(GCL) or stoma size (um) was measured according to
Gratani et al. (20006) (Fig. 14).

The thickness of leaf layers (total leaf thickness,
adaxial and abaxial epidermis thickness, palisade and
spongy mesophyll thickness, number of palisade cell
layers) was examined on transversally freeze-fractured
planes (274.8 x 206.1 um). The intercellular leaf spaces
on a leaf area basis (S;,s) and the fraction of mesophyll
volume occupied by intercellular air spaces (fi,s) were
determined as described in Marchi et al. (2008), using,
respectively, the following equations: S;,es = 1.36 (L/W)
and f,s = 1 - (A/tW), where, A, is the total cross-
sectional area of mesophyll cells, t is the mesophyll
thickness between the two epidermises, W is the width of
the leaf section and L, represents the cross-sectional
length of mesophyll tissue exposed to intercellular air
spaces. For S, the factor 1.36 accounts for cell surfaces
that were not uniformly perpendicular to the plane of the
section, and is the average value for prolate and oblate

Results

The dry mass of young fully expanded leaves (LPI < 7)
decreased by 35.6 % in 1 mM Zn treated plants, while
remained stable in 0.1 mM Zn treated plants when
compared to the control (Table 1). No significant changes
were observed in DM (%) and FM to DM ratio. The total
leaf area per plant (LA) was 2-fold lower in both Zn
treatments compared to the control. The area of a single

spherid-shaped cells with an average width/length
dimension ratio of 0.67 (Evans et al. 1994).

Zinc determinations: After morphological and
anatomical trait measurements, the younger leaves from
each Zn treatment were dried and ground into a powder
using a laboratory mill (/IKA-Werke, Staufen, Germany).
Aliquots were used for residual water determination at
105°C. The total content of Zn was determined after
digestion in concentrated HNO; by atomic absorption
spectrophotometry (model 373, Perkin Elmer, Norwalk,
CT, USA), as previously described (Di Baccio ef al.
2003). Chemical analyses were validated by blanks.

Experimental design and statistical analysis: The
experiment was set up in a completely randomized design
with four replicate plants (n = 4) for each Zn treatment,
and analyses were done on all younger leaves. For
anatomical traits, the analyses were performed on discs
randomly sampled from 4 younger leaves. One-way
analysis of variance (ANOVA) was applied in order to
evaluate the effect of Zn concentrations. Statistical
analysis was conducted by using CoStat version 6.203
(CoHort Software, Monterey, CA, USA). Separation of
means was performed using LSD-test at P < 0.05.

leaf (MLA) and SLA also remarkably decreased by
55 and 57 % and 36 and 38 % at 0.1 and 1 mM Zn,
respectively. LAR, LMR, V and Vieeopnyn and LTD did
not show modifications with Zn treatments (Table 1). Zinc
content in leaves was 1.3-fold higher in plants subjected to
1 mM Zn treatment than in the control, while no diffe-
rences were observed in 0.1 mM Zn treated plants (Table 1).

Table 1. Morphological traits and Zn content of leaves (LPI < 1-7) in P. x euramericana clone 1-214 subjected to 1 uM (control),
0.1 mM and 1 mM Zn treatments. Measurements were taken out at the end of one (first) growing season. Data are means of four
plants (n = 4) per Zn treatment + SE. Different letters indicate significant differences at P < 0.05 in the same line. Abbreviations:
DM - dry mass, FM - fresh mass, LAy, - total leaf area per plant, MLA - mean leaf area (LA ya/leaf number), SLA - specific leaf
area, LAR - leaf area ratio, LMR - leaf mass ratio, V - leaf volume, V nesophyil - mesophyll leaf volume, LTD - leaf tissue density.

Parameter Control 0.1 mM Zn 1 mM Zn

DM [g plant™] 6.66 + 0.02a 5.08 +0.37ab 429 +0.70b
DM [% of FM] 31.17 £ 0.64 27.77+0.77 30.30 +£2.61
FM/DM 3.21+0.06 3.61+0.10 3.35+0.30
LA, [m? plant™] 1.51 +0.06a 0.73 £0.001b 0.72£0.01b
MLA [dm® leaf ] 2.96+0.0la 1.34 £ 0.001b 1.26 +0.002b
SLA [m* kg 22.71 £3.45a 14.50 £ 1.21b 14.07 £ 1.14b
LAR [m® kg 0.90 +£0.23 0.63 +0.02 0.78 £ 0.04
LMR [kg kg™ 0.04 + 0.006 0.04 +0.001 0.06  0.002
V [em® leaf™] 2.19£0.31 1.97£0.16 1.83 £0.27
Vimesophyit [cm” leaf '] 1.90 £0.27 1.74 £0.14 1.57+0.23
LTD [gcm™] 1.91+0.22 1.70 £ 0.06 1.64 +0.08

Leaf Zn content [ug g”'(DM)]

103.90 £ 10.22b

105.05 £ 23.00b

144.77 £ 23.10a
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Table 2. Anatomical traits measured on freeze-fractured planes of frozen-hydrated leaves in P. x euramericana clone
1-214 subjected to Zn 1 uM (control), 0.1 mM and 1 mM treatments. Measurements were taken out at the end of the first growing
season. Means = SE, n = 4. SN - stomata number per leaf, GCL - guard cell length, S, - stomatal density, S, - intercellular leaf
spaces on a leaf area basis, fj,s - fraction of mesophyll volume occupied by intercellular air spaces.

Parameter Control 0.1 mM 1 mM

Adaxial SN x 10° 2.20+0.3 2.50£0.2 1.40+0.2
Abaxial SN x 10° 3.00 £ 0.4a 340+ 0.3a 1.50 £ 0.4b
Total SN x 10° 520%0.7a 5.80 £ 0.5a 2.90 £0.4b
adaxial/abaxial SN ratio 0.71 £0.01b 0.74 £ 0.02b 0.97 £ 0.04a
Adaxial GCL [pm] 30.52 £ 0.54a 29.56 + 0.64a 26.54 £ 0.37b
Abaxial GCL [um] 31.57+0.11 30.50 £0.73 29.89 £0.75
Adaxial Sy [mm?] 128.50 £ 3.74b 184.67 £ 6.67a 114.00 + 3.18¢
Abaxial Sy [mm?] 181.50 £2.32b 250.33 £4.91a 117.00 + 5.38¢
Total thickness [pm] 130.70 £ 1.4b 147.20 + 1.6a 14520 £ 1.9a
Adaxial epidermis [um] 9.80 £ 0.5 9.10+£ 0.5 10.20 £ 0.7
Palisade mesophyll [um] 55.70 £ 1.2b 62.20 £ 1.6a 60.80 £ 1.0a
Spongy mesophyll [pm] 57.70 £ 1.1b 67.40 £ 1.8a 63.60 £ 1.4a
Mesophyll thickness [pm] 113.33 £ 1.85¢ 129.51 £ 2.10a 12439 £ 1.01b
Palisade/spongy mesophyll 0.97 +0.03 0.93 +0.04 0.96 +0.03
Abaxial epidermis [pum] 7.50£0.6 8.40£0.5 9.20£0.5
Adaxial/abaxial epidermis 1.38+£0.12 1.10 £ 0.06 1.18 £0.15
Sies 23.34 £ 1.54b 31.82+1.58a 32.16 £ 1.09a
fias 0.51+£0.03a 0.33£0.02b 0.29 £ 0.03b

Fig. 1. Cryo-SEM images of frozen-hydrated leaves in P. x euramericana clone 1-214. Type of frame utilized for stomata guard cell
length (GCL) measurements (4); leaf transversal freeze-fractures of plants grown in suitable Zn amount (control: B), Zn 0.1 mM (C)
and Zn 1 mM (D). UE - upper epidermis, PA - palisade mesophyll, SP - spongy mesophyll, LE - lower epidermis.

Stomata numbers on the leaf epidermes were reduced  abaxial stomata ratio became 1.4-fold higher at 1 mM Zn.
considerably by 1 mM Zn (Table 2). The adaxial to  The GCL (Fig. 14) on the adaxial surface was 13 %

505



D. DI BACCIO et al.

lower at 1 mM Zn, while no changes were observed on
the abaxial surface. The Sy showed the same trend on
both adaxial and abaxial surfaces (Table 2), increasing at
0.1 mM Zn and decreasing at 1 mM Zn. In particular, on
the adaxial surface the Sy showed a 44 % increase in the
presence of 0.1 mM Zn and a 11 % decrease at 1 mM Zn.
On the abaxial surface the Sy was enhanced by 38 % by
0.1 mM Zn and reduced by 36 % by 1 mM Zn (Table 2).
Total leaf thickness showed a 12.6 and 11.1 %
increase in the plants treated with 0.1 and 1 mM Zn,
respectively, compared to the control (Table 2). In both
cases this was due to the enhancement of the palisade and

Discussion

Information on tree performance under heavy metal
contaminations is scarce, particularly on leaf function
(Hermle et al. 2007). Visual symptoms of leaf injury
caused by excess of Zn or Cd consist of chlorosis,
stipples, desiccation, necrosis and red-brown coloration
of leaf margins or veins; in severe cases, necrotic lesions
lead to the death of the entire leaf (Wojcik and
Tukiendorf 2005, Hermle et al. 2007, Wang et al. 2009).
No visible symptoms of Zn toxicity were observed in the
leaves of the P. x euramericana clone 1-214 treated with
0.1 and 1 mM Zn, confirming previous observations
(Di Baccio et al. 2003). Although it depends on the plant
species and age, this fact demonstrates that these types of
treatments were sub-symptomatic. In fact plant
interaction with heavy metals, such as Zn, which are also
micronutrients, is complex, depending not only on the ion
type and concentrations, but also on the plant growth
stage and nutrient conditions (Broadley ef al. 2007 and
references within).

The DM of fully expanded leaves from the top shoot
at the end of the treatment period was reduced by 1 mM
Zn treatment (Table 1), as just observed previously in
older leaves (Di Baccio et al. 2003). Nevertheless, the
DM (% of FM) and FM/DM ratio were not affected by
Zn treatments (Table 1), suggesting no alterations of
water status and biomass allocation (Di Baccio et al.
2004). The LAy, of this rank of leaves was remarkably
decreased by 52 % at both Zn treatments (Table 1). The
steady-state (0.1 mM Zn) and reduced (1 mM Zn) leaf
biomass and LA did not correspond to a reduction in leaf
number (data not shown). This means that increasing the
Zn concentration affected the area expansion of leaves
before their biomass allocation. The leaf area displayed
per unit of leaf mass (SLA) decreased at both Zn
concentrations. Although dependent on plant species,
genotype, age and growth conditions, a strict correlation
between SLA and plant responses to stress has been
demonstrated (Wieser et al. 2003, Gratani et al. 2006,
Monclus et al. 2006). The smaller but thicker leaves
(lower SLA) may be a defence mechanism or
compensatory strategy for reducing transpiration rate
(Table 1). The efficiency of this response can be
confirmed by stable LAR, leaf density and volume. Also
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spongy mesophyll thickness, since the mesophyll
thickness was 14.3 and 10 % higher in 0.1 mM and 1 mM
Zn treated leaves, respectively. The palisade to spongy
mesophyll ratio was not changed in any Zn treatment, as
well as the number of palisade cell layers (Table 2 and
Fig. 1B,C.D). The S, and the fj,; showed an opposite
trend in Zn 0.1 mM and 1 mM treated plants compared to
the control. The S, increased by 36 % at 0.1 mM Zn
and 38 % at 1 mM Zn, while f;,; decreased by 35 % and
43 % in presence of 0.1 mM and 1 mM Zn, respectively
(Table 2).

the leaf biomass allocation (LMR) remained stable,
showing that the reduction of whole plant biomass at
1 mM Zn treatment (data not shown) was not sufficient to
modify the relative leaf mass. Differences found in LA
expansion did not affect changes in leaf shape. This was
demonstrated by the coefficient homogeneity among the
three regression curves built between the product of the
two main orthogonal leaf diameters and the
corresponding LA for each Zn treatment (data not shown).

As expected, the leaf Zn content increased more in
1 mM Zn treated plants in comparison with those
subjected to 0.1 mM Zn and in controls (Table 1). These
variations were previously correlated with impairments in
carbon assimilation and chlorophyll concentrations
(Di Baccio et al. 2003). The leaf Zn concentration
followed the same trend as the Zn content, showing that
the Zn uptake was directly proportional to biomass
production. To understand if the differences in Zn
accumulation could be explained by leaf structural
variations, anatomical traits were further analysed by
cryo-SEM, which enables the real highlighting of leaf
structural features. In fact, this experimental tool permits
the observation of the leaf samples in their natural
hydrated state, avoiding preparation artefacts and
maintaining the original gas fraction of mesophyll
(Minnocci et al. 1999, Tognetti et al. 2004, Marchi et al.
2008).

Leaf thickness is characteristic of plant species
(Gratani et al. 2003), but it changes depending on
treatment and environmental conditions (Minnocci et al.
1999, Tognetti et al. 2004, Gratani et al. 2006, Di Baccio
et al. 2009) or developmental stages (Marchi et al. 2008).
Total leaf thickness increased at 0.1 mM and 1 mM Zn,
as was just observed in [-214 grown in hydroponic
systems with higher Zn concentrations (Di Baccio et al.
2009) and in soil amended with organic materials from
tanneries containing heavy metals (Tognetti et al. 2004).
This increment in mesophyll thickness was due to the
contemporary enhancements of palisade and spongy
mesophyll layer thickness (Table 2), nevertheless the
number of cell layers remained the same (Fig. 1B,C,D).
This increase, however, was not sufficient to enhance the
leaf volume, as discussed before, or to modify the



palisade to spongy mesophyll ratio. As suggested for
SLA, the higher mesophyll thickness found may be
explained as an attempt to increase the leaf assimilatory
area in response to the stress (Lin et al. 2001). This
probably also explains the increase in S, calculated in
the same conditions (Table 2). Indeed, the S, is strongly
and positively related to the photosynthetic capacity
(Terashima et al. 2001, Marchi et al. 2008). However,
treatments with 0.1 and 1 mM Zn reduced the f,
suggesting modifications of mesophyll structure and
organization, which appeared less densely packed. This
may cause variations of mesophyll conductance and,
consequently, photosynthetic function, as previously
shown with the same Zn treatments (Di Baccio et al.
2003).

Apart from the biochemical and structural
modifications of the mesophyll, impairments in leaf
photosynthesis capacity can be due to stomata
malfunctioning. Although poplar shows large clonal
variability in stomatal characteristics (Al Afas ef al. 2006,
Tognetti et al. 2004), variations in stomatal density
directly affect biomass production (Al Afas et al. 2006).
In I-214 both adaxial and abaxial Sy increased at 0.1 mM
Zn and decreased at 1 mM Zn treatment (Table 2). These
modifications corresponded to the strong reduction in
MLA at both Zn doses (Table 1). In the case of 0.1 mM
Zn the Sy increase was not dependent on an effective
enhancement of total SN (Table 2). On the other hand, at
1 mM Zn the S4 decrease correlated with strong decrease
of total SN, principally due to the decrease of abaxial SN.
In this case impairments modified also the adaxial/abaxial
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