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a b s t r a c t
Chlorophyll-a ﬂuorescence is an effective tool for measuring photosynthesis. Photosynthesis is particularly sensitive to the presence of zinc or other metals. Plant age and developmental stage strongly
inﬂuence the effects of metals on the photosynthetic apparatus. However, there is little information
on how this may affect toxicological assessment in plants. In this study, three Lemnaceae species were
exposed to a range of zinc concentration in static, batch exposures for seven days, as detailed for Lemnaceae toxicity testing in OECD guidelines. Effects of zinc on photosynthetic performance in the three
species were measured over the seven days. The maximum quantum efﬁciency of photosystem II, Fv/Fm,
the effective quantum efﬁciency, Y(II), and photochemical quenching, qP, were measured in mature and
young fronds, as well as along a developmental gradient within fronds. Fv/Fm and Y(II) in young, emerging Landoltia punctata fronds were more severely impacted by zinc than in developed, mature fronds.
Furthermore, younger proximal sections of L. punctata fronds were more impacted than older distal frond
sections. Overall, Fv/Fm and Y(II) also tended to be more affected by zinc in young, compared to mature,
Lemna gibba and Lemna minor fronds. Single colony, time-point or leaf-zone analyses may not, therefore,
show the full biological picture of the impact of a toxicant, while species-speciﬁc differences need also
to be considered. Therefore, selection of Lemnaceae species and developmental stages of fronds should
be given careful consideration when using chlorophyll-a ﬂuorometry for assessing chemical toxicity in
Lemnaceae.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Zinc is an essential element for all living organisms (Vallee and
Auld, 1990). However, zinc is also a common pollutant in aquatic
ecosystems as a result of high zinc concentrations in efﬂuents
entering rivers and lakes. At elevated levels, zinc can be phytotoxic and this is associated with reduced growth and chlorosis in
angiosperms (Rout and Das, 2003). Photosynthesis is very sensitive
to the presence of metals. Zinc impacts on photosynthetic activity
are either direct or indirect. Direct impacts include inhibition of
photosynthetic electron transport (Tripathy and Mohanty, 1980),
reduced activity of Calvin cycle enzymes (Krupa et al., 1993) and
decreases in net CO2 assimilation rates (van Assche et al., 1980).
Furthermore, zinc [Zn2+ ] can substitute the central magnesium ion
[Mg2+ ] in the chlorophyll molecule, resulting in lowered photosystem II (PSII) quantum efﬁciency (van Assche and Clijsters, 1986;
Küpper et al., 1996). Photosynthesis can also be indirectly affected
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by zinc through a decrease in the rates of biosynthesis of photosynthetic pigments (MacFarlane and Burchett, 2001), decreases
in stomatal and mesophyll conductance (Sagardoy et al., 2010) or
alterations in the composition and ultrastructure of the thylakoid
membrane (Ralph and Burchett, 1998).
Plant age and developmental stage strongly inﬂuence the effects
metals have on the photosynthetic apparatus (Maksymiec and
Baszynski, 1996; Skórzynska-Polit and Baszynski, 1997; Krupa
and Moniak, 1998; Vinit-Dunand et al., 2002; Drazkiewicz et al.,
2003). For example, inhibition of photosynthesis by cadmium was
stronger in mature sections of winter rye leaves than in younger,
newly formed leaf sections (Krupa and Moniak, 1998). Similarly,
mature cucumber leaves were found to be more sensitive to copper than young expanding leaves (Vinit-Dunand et al., 2002). There
is a consensus that the photosynthetic apparatus of more mature
leaves or leaf sections is more severely affected as a result of metal
exposure than photosynthesis in younger tissues (Skórzynska-Polit
and Baszynski, 1997; Tukendorf et al., 1997; Krupa and Moniak,
1998; Vinit-Dunand et al., 2002; Drazkiewicz et al., 2003).
Chlorophyll-a ﬂuorescence is an effective tool for sensing and
assessing the impact of zinc on the photosynthetic apparatus, and
this tool has been used extensively to investigate effects of various toxins on Lemnaceae (Appenroth et al., 2001; Prasad et al.,
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2001; Frankart et al., 2002; Drinovec et al., 2004). In general, these
studies have measured the effects of metals on the photosynthetic
activity of whole colonies (Razinger et al., 2007; Eullaffroy et al.,
2009), of mature-mother fronds (Frankart et al., 2002) or simply
of “fronds” (Appenroth et al., 2001; Mallakin et al., 2002). Few
studies have examined detailed patterns of metal toxicity within
Lemnaceae colonies.
Preliminary research showed that the maximum quantum efﬁciency of PSII in newly developed, emerging fronds was more
affected by zinc exposure than the quantum efﬁciency of developed, mature fronds, in four Lemnaceae species (Landoltia punctata,
Lemna minor, Lemna gibba and Wolfﬁa brasiliensis) (Lahive et al.,
2011). Similarly, newly formed fronds of L. minor and Spirodela
polyrhiza were found to become chlorotic after exposure to nickel
while older fronds remained unaffected by the metal (Appenroth
et al., 2010). Given that different species show differential sensitivity to zinc, this study investigates the development of zinc toxicity
in three Lemnaceae species exposed to zinc sulphate over seven
days, using chlorophyll-a ﬂuorometry. The objective is to determine if variation in photosynthesis between mature and young
fronds in different species, as well as along a developmental gradient within individual fronds, can be used as a tool to assess the
severity of zinc toxic effects.
2. Materials and methods
2.1. Plant material
Axenic cultures of the three Lemnaceae species – L. punctata,
L. minor and L. gibba – were maintained at the School of Biological,
Earth and Environmental Sciences, University College Cork, Ireland.
The three species were sourced as follows: L. punctata – 7760 originates in New South Wales, Australia (gift Prof. E. Landolt; see Jansen
et al., 1999). L. minor was sourced from a pond in Blarney, Co. Cork,
Ireland. L. gibba is a Dutch strain from the Wageningen area, the
Netherlands. All cultures were maintained in magenta boxes on
100 ml half-strength Hutners’ nutrient medium.
2.2. Zinc exposures
A zinc (as ZnSO4 ·7H2 O, SigmaAldrich) exposure series, including concentrations of 0.2, 3, 10, 30 and 100 mg [Zn] l−1 , was chosen
for this study, representing a broad range of environmental concentrations. 0.2 mg [Zn] l−1 is the concentration of zinc in half-strength
Hutners’ medium and is in the range of low zinc levels in the
environment. This was taken as the control for all three species
throughout. 3 and 10 mg [Zn] l−1 are low to medium levels of zinc
contamination, 30 mg [Zn] l−1 represents high level contamination
(Hargreaves and Whitton, 1976) with 100 mg [Zn] l−1 being an
extreme case of zinc contamination (Eisler, 1993).
2.3. Experimental design
The same zinc concentration series was set up for all three
species. Each concentration was replicated nine times for each
species. Exposures were carried out in test vessels (magenta boxes)
containing 100 ml medium and were run as static tests for seven
days, as detailed for Lemnaceae toxicity tests (OECD, 2002). In seven
days there will be least two doubling times of frond numbers (in
controls) and is, therefore, considered sufﬁcient exposure time for
toxic effects to be observed in duckweed colonies. 100 ml nutrient
medium was placed in each of the test vessels and zinc was added
to make up the zinc concentration range. Colonies (each with 3–5
fronds) were randomly taken from sterile, clonal cultures of the
Lemnaceae species and placed in each test vessel so that there were
six colonies in each.

Test vessels were then placed randomly in the growth chamber
for the seven day test duration. All experiments were carried out
under continuous light (40 mol m−2 s−1 ); cool ﬂuorescent tubes
(Philips TL-D 36W/840) at 19–21 ◦ C. Physiological measurements
were carried out on days 0 and 7, as well as at intermittent time
points on days 3 and 5. On each of the sampling days a single
colony was randomly taken from each test vessel using an inoculating loop and subjected to chlorophyll-a ﬂuorescence analysis.
The colony was not put back into the test vessel following measurements.
2.4. Chlorophyll-a ﬂuorescence measurements
Chlorophyll-a ﬂuorescence was measured using a modulated,
imaging ﬂuorometer equipped with ImagingWin software (PAM,
Effeltrich, Germany). On each sampling day, all plant material was
placed the dark for 15–20 min prior to chlorophyll-a ﬂuorescence
measurements. Dark-adapted colonies were then placed on damp
ﬁlter paper on the ﬂuorometer-stage. A weak modulated, measuring light (<1 mol m−2 s−1 ) was used to determine Fo, the minimum
ﬂuorescence obtained in the dark adapted state. Maximum ﬂuorescence (Fm) was determined by exposing dark adapted fronds
to a saturating pulse (800-ms duration) of white light (Marwood
et al., 2001). The maximum quantum efﬁciency of photosystem II
(PSII) was calculated as: (Fm − Fo)/Fm = Fv/Fm (Fv = variable ﬂuorescence) (Genty et al., 1989; Schreiber et al., 2003). Plant material
with Fv/Fm ratios of between 0.7 and 0.8 are considered to be
healthy whereas values below 0.6 indicate toxic effect (Büchel and
Wilhelm, 1993). Values below 0.4 are indicative of permanent photoinhibition and plant material is effectively dead (Hogewoning and
Harbinson, 2007).
Photochemical and non-photochemical quenching parameters
were also measured. Following Fo and Fm determination, actinic
light was applied to induce a steady state of photosynthetic activity (Schreiber et al., 1986). The photon ﬂuence rate of actinic light
was 20 mol m−2 s−1 , which is similar to the photon ﬂuence rate
of light in which Lemnaceae are cultured. Actinic light was applied
for a total of 300 s, at which time ﬂuorescence parameters had
reached steady-state equilibrium. Saturating pulses (800-ms of
2700 mol m−2 s−1 ), were applied every 20 s, yielding Fm (maximum ﬂuorescence yield under light adapted conditions). The
parameters then determined were effective quantum yield Y(II):

Y (II) =

F 
Fm

(where F is variable ﬂuorescence
light)photochemical quenching (qP):
qP =

in

the

presence

of

(Fm − Ft)
F 

(where Ft is the ﬂuorescence yield under steady-state conditions)and non-photochemical quenching (NPQ):
NPQ =

(Fm − Fm )
Fm

(Genty et al., 1989).
2.5. Selection of colony and frond areas for analysis
Within colonies, areas of interest (AOIs) were selected (i.e.
deﬁned regions within the colonies where chlorophyll-a ﬂuorescence was measured) (Küster and Altenburger, 2007). Selected AOIs
comprised both mature (M) and young (Y) fronds from within the
same colony and covered most of the frond area (Fig. 1). In this study
newly emerging fronds were considered “young” if they were no
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Fig. 1. Chlorophyll-a ﬂuorescence images of Landoltia punctata, Lemna minor and Lemna gibba colonies after ﬁve days exposure to 10 mg [Zn] l−1 (right) and control plants
(left). M indicates mature frond, Y indicates young frond. The white rectangles labelled 1, 2 and 3 are areas of interest (AOIs) on the frond where Fv/Fm and Y(II) were
measured. The arrows indicate the direction of growth of the frond from the base (proximal site) to the apex (distal site) (youngest part to the oldest part of the frond). All
species were assessed in the same way.

more than half the size of mature mother fronds in the same colony,
to which they were attached.
To study whether zinc sensitivity varied according to developmental age within each frond, photosynthetic parameters were
measured along the developmental gradient within individual
fronds. Fronds were sub-divided into three sections ranging from
youngest tissue near the base of the frond to most mature tissue
near the distal apex. AOIs were outlined within each of these sections in both mature and young fronds. Maximum and effective
quantum efﬁciencies were measured within these AOIs (see Fig. 1).
For this study, colonies were exposed for ﬁve days to 10 mg [Zn] l−1 ,
which was the lowest zinc concentration to impact on photosynthetic activity in all three species.
2.6. Data analysis
Chlorophyll-a ﬂuorescence data often does not exhibit a Gaussian distribution (Lazar and Naus, 1998). Statistical testing of
homogeneity of variance in the data was performed using the
Bartlett’s Test. Residuals were plotted to test for normality in the
data distribution. Data did not conform to the assumptions of
normality and homogeneity required for parametric testing for
analysis of variance. Thus, non-parametric tests for analysis of variance were applied to the data sets. For each zinc concentration, data
for Fv/Fm, Y(II) and qP were each grouped according to the number of days of zinc exposure and subjected to Kruskall–Wallis tests
(P < 0.05) to test for differences between day 0 and other sampling

days. Data for day 7 were grouped according to concentration and
subject to Kruskall–Wallis tests to determine signiﬁcant differences
between the control (0.2 mg [Zn] l−1 ) and other zinc exposure concentrations. Differences between chlorophyll-a ﬂuorescence values
in mature and young fronds for each species and at each concentration, were assessed the Mann–Whitney test (P < 0.05). All statistical
tests were performed using Minitab 15.1.
3. Results
3.1. Zinc impact on mature and young fronds
Zinc exposure resulted in signiﬁcant changes in all chlorophylla ﬂuorescence parameters measured after seven days in all three
Lemnaceae species (Figs. 1–4). Both mature (M) and young (Y)
fronds showed inhibition of photosynthetic activity after seven
days zinc exposure (Figs. 2–4). In L. punctata, the maximum quantum efﬁciency, Fv/Fm, was signiﬁcantly reduced in mature fronds
exposed to zinc concentrations above 10 mg [Zn] l−1 for seven days
and compared to values on day 0 (M: H = 23.36, Y: H = 13.8; df = 3,
P < 0.01). However, the effect of zinc on L. punctata mature fronds
was still relatively modest with Fv/Fm values not falling below
0.76 after seven days, for all exposure concentrations (Fig. 2). Similarly, the effects on Y(II) in L. punctata were modest. The lowest
concentration to cause signiﬁcant reductions in Y(II) in mature
L. punctata fronds was 30 mg [Zn] l−1 (H = 11.69, df = 3, P < 0.01)
(Fig. 3).

Please cite this article in press as: Lahive, E., et al., Frond development gradients are a determinant of the impact of zinc on photosynthesis in
three species of Lemnaceae. Aquat. Bot. (2012), http://dx.doi.org/10.1016/j.aquabot.2012.04.003

G Model
AQBOT-2473; No. of Pages 9
4

ARTICLE IN PRESS
E. Lahive et al. / Aquatic Botany xxx (2012) xxx–xxx

Fig. 2. Maximal quantum efﬁciency (Fv/Fm) in Landoltia punctata, Lemna minor and Lemna gibba exposed to four zinc concentrations 3, 10, 30 and 100 mg [Zn] l−1 along with
a control containing 0.2 mg [Zn] l−1 for seven days. n = 9, mean ± SE; –– mature fronds; - - young fronds.

Young L. punctata fronds were substantially more impacted by
zinc than mature fronds (Figs. 2 and 3). After ﬁve days exposure
to 100 mg [Zn] l−1 Fv/Fm values in young L. punctata fronds fell
below 0.6, showing serious toxic effect, and by day 7 were close
to 0.4. Fv/Fm and Y(II) values in young fronds were signiﬁcantly
reduced after seven days exposure to just 10 mg [Zn] l−1 compared
to these values on day zero (Fv/Fm: H = 12.62, df = 3, P < 0.01, Y(II):
H = 13.46, df = 3, P < 0.01). Similarly, young fronds showed more signiﬁcant reductions in maximum quantum efﬁciency compared to
corresponding mature fronds after seven days exposure to 30 and
100 mg [Zn] l−1 (30 mg [Zn] l−1 : W = 180, P < 0.001; 100 mg [Zn] l−1 :
W = 126, P < 0.001).
The maximum quantum yield of PSII in L. minor and L. gibba
fronds was also signiﬁcantly reduced over the seven day zinc
exposure period (Fig. 1). After seven days, exposure to zinc concentrations above 3 mg [Zn] l−1 , Fv/Fm values in both mature and
young fronds were signiﬁcantly decreased in L. minor compared

to day 0. Similarly, in L. gibba signiﬁcant reductions in Fv/Fm were
caused by exposure to concentrations of 10 mg [Zn] l−1 and above
(L. minor: M: H = 25.08, Y: H = 23.73, df = 3, P < 0.01; L. gibba: M:
H = 13.84, Y: H = 11.84, df = 3, P < 0.01). As seen for L. punctata, young
fronds of L. gibba and L. minor had lower Fv/Fm and Y(II) values following zinc exposure than mature fronds (Figs. 2–4). Over the seven
days of the experiment, Fv/Fm and Y(II) values were mostly lower
in young compared to mature Lemna fronds (Figs. 2 and 3); this
was especially the case for fronds exposed to lower zinc levels, 3
and 10 mg [Zn] l−1 . There was a correlation between Fv/Fm and Y(II)
values for all three species, although strongest for L. punctata and
L. minor compared to L. gibba (Fig. 5).
Zinc had a more limited effect on photochemical quenching,
qP, in mature and young fronds when compared to effects on
Fv/Fm and Y(II) (Fig. 4). qP in mature L. punctata fronds only
declined signiﬁcantly when fronds had been exposed to the highest
zinc concentration, 100 mg [Zn] l−1 (H = 23.11, df = 3, P < 0.01). qP in
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Fig. 3. Effective quantum yield Y(II) in mature and young biomass of Landoltia punctata, Lemna minor and Lemna gibba exposed to four zinc concentrations 3, 10, 30 and
100 mg [Zn] l−1 along with a control containing 0.2 mg [Zn] l−1 for seven days. n = 9, mean ± SE; –– mature fronds; - - young fronds.

young fronds declined signiﬁcantly when exposed to 30 mg [Zn] l−1
(H = 15.06, df = 3, P < 0.01) (Fig. 4). qP in mature and young L. minor
fronds declined signiﬁcantly over the seven days, for all exposure
concentrations (Kruskall–Wallis test, P < 0.05 for all exposure concentrations) (Fig. 4). Only a low concentration of zinc, 3 mg [Zn] l−1 ,
affected the qP in young fronds signiﬁcantly more than in mature
fronds after seven days of exposure (W = 57.0, P < 0.01). In L. gibba,
all zinc concentrations, compared to the control, caused signiﬁcant
decreases in qP in mature fronds over seven days (Kruskall–Wallis
test, P < 0.01 for all exposure concentrations) (Fig. 4). After seven
days exposure, qP values in young fronds only differed signiﬁcantly
from those in mature fronds when colonies were exposed to 10
and 30 mg [Zn] l−1 (10 mg [Zn] l−1 : W = 3.48, P > 0.05; 30 mg [Zn] l−1
W = 7.66, P > 0.05).
Non-photochemical quenching (NPQ) levels were quite low,
between 0 and 0.3 after seven days and were highly variable (data
not shown).

3.2. Gradient of toxicity in fronds
It was observed that the photosynthetic efﬁciency can
vary along the developmental gradient of individual fronds
(Figs. 1 and 6). For example, Fv/Fm values were slightly higher in
older, distal tissues within the mature frond (Fig. 6). To further
study the impact of development age on zinc sensitivity, Fv/Fm
and Y(II) were quantiﬁed along the proximodistal gradients of both
mature and young fronds exposed for ﬁve days to 10 mg [Zn] l−1 .
After ﬁve days exposure to 10 mg [Zn] l−1 , the maximum quantum
yield of PSII was signiﬁcantly lower in younger regions of L. punctata fronds, close to the frond base compared to older sections near
the apex (Fig. 6). The greater impact of zinc on younger, proximal sections of fronds compared to more mature, distal sections
was observed in both mature and young L. punctata fronds. The
effective quantum yield Y(II) also varied along the developmental
gradient of mature L. punctata fronds (Fig. 6), such that the younger
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Fig. 4. Photochemical quenching of ﬂuorescence, qP, in Landoltia punctata, Lemna minor and Lemna gibba exposed to four zinc concentrations 3, 10, 30 and 100 mg [Zn] l−1
along with a control containing 0.2 mg [Zn] l−1 for seven days. n = 9, mean ± SE; –– mature fronds; - - young fronds.

Fig. 5. The correlation between Fv/Fm and Y(II) data for Landoltia punctata, Lemna minor and Lemna gibba.
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Fig. 6. Maximal quantum efﬁciency (Fv/Fm) and effective quantum yield (YII) in mature and young biomass of Landoltia punctata, Lemna minor and Lemna gibba exposed to
10 mg [Zn] l−1 . Fluorescence parameters were measured on day 0 and day 5. Areas of interest (AOIs) were outlined on the fronds between the base (proximal site) and the
apex (distal site). AOI 1 was closest to the base and AOI 3 was closest to the apex of the frond (see Fig. 1). Lines above the bar chart indicate signiﬁcant differences between
AOIs (single line P < 0.05, double line P < 0.01).

proximal sections were more affected by zinc exposure. This effect
on Y(II) was non-signiﬁcant in emerging, young fronds (Fig. 6).
Lemna species, on the other hand, did not display the same significant variation in Fv/Fm values along the developmental gradient
within fronds, neither before nor after zinc exposure (Fig. 6).
Likewise, no signiﬁcant variation in effective quantum yield was
observed along the developmental gradient within mature and
young fronds of L. minor or L. gibba exposed to 10 mg [Zn] l−1 for
ﬁve days.

4. Discussion
4.1. Zinc impact on young and mature fronds
The maximum quantum efﬁciency (Fv/Fm) and the effective
quantum efﬁciency (Y(II)) of PSII declined in all species exposed
to elevated zinc levels (Figs. 2 and 3). Effects of zinc on qP were
variable (Fig. 4). The chlorophyll a ﬂuorescence parameters reﬂect
different aspects of photosynthetic performance; qP is the proportion of open reaction centres, Y(II) is the proportion of absorbed

energy being used in photochemistry and Fv/Fm is a measure of the
maximum efﬁciency of PSII (Maxwell and Johnson, 2000). Hence,
this study shows that although zinc has a limited effect on the
proportion of open PSII reaction centres, the efﬁciency at which
absorbed energy is utilised is severely impacted by zinc (Figs. 2–4).
Developmental stage is a determinant of the quantitative impact
of zinc on photosynthetic activity in all three species (Figs. 2–4).
Fv/Fm and Y(II) were strongly affected in developing, young fronds
of L. punctata in a zinc concentration and time dependent manner (Figs. 2 and 3). In contrast, mature L. punctata fronds were
signiﬁcantly less affected by zinc (Figs. 2 and 3). Young Lemna
fronds also displayed lower Fv/Fm and Y(II) values compared to
mature fronds following exposure to zinc. However, this effect was
less pronounced than in a previous study (Lahive et al., 2011). In
that particular study different growth conditions were used (19 ◦ C
rather than 22 ◦ C and continuous light rather than a 16 h photoperiod, but same Lemnaceae clones), suggesting that environmental
conditions impact on the zinc susceptibility of young and mature
fronds.
Leaf growth and development is a complex process (Sinha,
1999). Lemnaceae are monocotyledonous plants whereby fronds
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mature basipetally, i.e. cells are arranged along a developmental
axis with the youngest cells at the base (proximal site) and the
mature cells near the top (distal site) of the leaf/frond (Krupa and
Moniak, 1998; Lemon and Posluszny, 2000). The effects of zinc on
Fv/Fm and Y(II) along this developmental gradient were found to
increase towards the proximal site, with PSII efﬁciency in proximal cells signiﬁcantly reduced by zinc compared to distal cells
near the top of the L. punctata frond (Figs. 1 and 6). Thus, just
as mature fronds were less affected by zinc than young fronds
(Figs. 2 and 3), older, distal sections within L. punctata fronds were
also less impacted than younger, proximal sections (Figs. 1 and 6).
Remarkably, a survey of the literature revealed that older plants
or leaf sections were generally found to be more sensitive to
metals than younger tissues (Maksymiec and Baszynski, 1996;
Skórzynska-Polit and Baszynski, 1997; Tukendorf et al., 1997;
Krupa and Moniak, 1998; Vinit-Dunand et al., 2002; Peralta-Videa
et al., 2004). For example, PSII efﬁciency was more reduced in
mature leaf sections of rye exposed to cadmium than in younger
sections (Krupa and Moniak, 1998). Similarly, photosynthetic activity in older runner bean plants was more impacted by cadmium
exposure than in younger plants (Skórzynska-Polit and Baszynski,
1997). However, in another Lemnaceae study, Appenroth et al.
(2010) observed that young fronds of L. minor and S. polyrhiza
became chlorotic when exposed to nickel whereas mature fronds
were almost unaffected. These data are consistent with data
reported in this study that show that young L. punctata fronds,
and to a lesser extent L. minor and L. gibba fronds, are particularly affected by zinc. The apparent discrepancy in developmental
susceptibility between Lemnaceae and other (mostly terrestrial)
plants may be related to Lemnaceae morphology. Lemnaceae daughter fronds develop within, and grow out of, a meristematic pocket in
the mature, mother frond (Lemon and Posluszny, 2000; Topp et al.,
2010). Emerging, young fronds come immediately into contact with
medium, and it is even possible that medium penetrates the meristematic pocket. Thus, fronds are already, at an early developmental
stage, exposed to contaminants, at which time uptake can occur
directly through the lower surface of the frond (Hillman, 1961; Ice
and Couch, 1987; Cedergreen and Madsen, 2002). It is likely that
the capacity for metal sequestration (Tukendorf et al., 1997) and
the anti-oxidative defence system are not yet fully developed in
young tissues, enhancing the susceptibility of photosynthetic tissues to damage from metals (Calatayud et al., 2003). Mature fronds,
on the other hand, would be expected to possess a fully developed defence system which can cope with zinc mediated oxidative
stress (Tukendorf et al., 1997; Fodor, 2002). This scenario, where
young duckweed fronds are directly exposed to contaminants,
is distinct to that for most terrestrial plants in which emerging
leaves are not in direct contact with metal-containing substrate.
Furthermore, a selective root and transport system may diminish
metal exposure of new leaves in terrestrial plants (Broadley et al.,
2007).
4.2. Implications of species and frond age sensitivity for
toxicology
Lemnaceae are currently the only freshwater plants required
for regulatory toxicity testing of pesticides and other chemicals
(Lewis, 1995; Brain and Solomon, 2007). Conventionally, physiological parameters such as growth rate and biomass production
are used to assess toxicity, although photosynthetic parameters
such as chlorophyll content and chlorophyll-a ﬂuorescence also
inform about toxic effects (Appenroth et al., 2001; Marwood et al.,
2001; Baumann et al., 2009). The data presented in this paper show
that different species have distinct responses to elevated zinc levels, as do fronds of different developmental ages (Figs. 1–4 and 6).
Therefore, selection of developmental stages of fronds should be

given careful consideration when using chlorophyll-a ﬂuorometry
for assessing chemical toxicity in Lemnaceae. This study shows that
single time-point or single leaf-zone analyses may not show the
full biological picture of the impact of a toxicant, especially not
in L. punctata. Young, developing tissues may be the most sensitive indicators of zinc in the medium, due to their zinc sensitivity.
Conversely, standardised use of more developed, mature tissues is
likely to maximise reproducibility.
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