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ARTICLE INFO ABSTRACT

Keywords: Duckweeds (Lemnaceae) rapidly produce clonal populations that make them ideal models in plant physiological

Duckweed and ecotoxicological research. Yet, despite their genetic homogeneity, duckweed colonies are clusters of suc-

f)rond cessively produced fronds with different ontogenetic states, and this heterogeneity has rarely been studied. We
ntogeny

analyzed frond-level photosynthetic responses of three duckweed species (Spirodela polyrhiza, Landoltia punctata
and Lemna minor) to hexavalent chromium and nickel by means of chlorophyll fluorescence imaging. Our aim
was to test whether fronds, or frond zones in their different developmental stages respond differently to heavy
metal stress. Different response patterns were found for the three tested species. Young fronds of S. polyrhiza were
more sensitive to chromate but less affected by nickel compared to mature ones, while in La. punctata the
opposite was found. In Le. minor cultures, young fronds were more sensitive to both heavy metals compared to
mature ones. Within-frond patterns indicated that chromate inhibited the marginal frond regions strongest. In La.
punctata and Le. minor, nickel was most detrimental in the developing frond regions. In contrast, in S. polyrhiza
the middle zone of both young and mature fronds was affected strongest by nickel. The observed patterns suggest
that internal redistribution of toxicants plays a key role in shaping duckweed responses.

Results highlight that ontogenetically different parts of duckweed plants respond differently to environmental
stimuli. Since duckweed-based impact studies and economical applications rely strongly on the interactions
between the duckweed colony and its environment, frond-, and within-frond level analysis of duckweed re-
sponses comprise a unique tool to reveal uptake, re-distribution and mode of action of environmentally relevant
substances.

Chlorophyll fluorescence imaging
Heavy metal stress

duckweeds absorb nutrients directly through their weakly cutinized
abaxial (lower) epidermis. Roots may also contribute to nutrient uptake

1. Introduction

Duckweeds (Lemnaceae) form a monophyletic group of free-floating
freshwater plants that have undergone a significant evolutionary
reduction (Tippery et al., 2021). Their thallus-like body -the frond-
basically consists of an upper and lower epidermis and an assimilating,
aerenchymatous mesophyll with meristematic regions (“pockets” or
“pouches™) in the basal part. Depending on the degree of reduction, the
fronds may also contain vascular elements (“veins”) and adventitious
roots, both originating at the node of the frond.

The morphological and anatomical reduction of Lemnaceae fronds is
paralleled by functional changes. One of these changes is that
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(Cedergreen and Madsen, 2002), but experimental evidence indicates
that they are dispensable (Ware et al., 2023). Whether epidermal
nutrient uptake is uniform over the entire abaxial frond surface, or
whether the uptake is rather localized in “hotspots”, is not yet clear. A
previous study suggested that heavy metal uptake was not uniform, but
rather that node-zone and the roots displayed the highest uptake rate of
cadmium (Xu et al., 2018). The functional significance of veins in fronds
is similarly enigmatic. They play role in distributing nutrients and as-
similates throughout the frond. However, the small frond size, thin
mesophyll, and epidermal nutrient uptake may also allow adequate
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internal distribution via direct intercellular transport. The phylogenet-
ically youngest Wolffioideae genera lack roots and contain only rem-
nants of vascular tissue (Landolt, 1986). To our knowledge, however,
there is no decisive evidence on the actual contribution of veins to
within-frond distribution of nutrients and assimilates. Analyses of
nickel- and chromate treated duckweeds using X-ray fluorescence
(UXRF) technology revealed uneven distribution of the metals within the
fronds, and this can be due to either uneven uptake or uneven distri-
bution (Olah et al., 2023). Consequently, there is a need to further
clarify the acquisition, transport, and storage of nutrients and toxicants
within duckweed fronds (Abramson et al., 2022).

In the context of environmental responses, the peculiar way of pro-
ducing offspring in duckweeds needs to be considered too. Descendants
are formed by the meristem of mature fronds, and this occurs within a
pouch contained within the mother frond. Once formed, duckweed
fronds develop and mature basipetally, that is distal (apical) frond
segments reach their final size and anatomy earlier than the basal
(proximal) parts (Lemon and Posluszny, 2000). Different frond genera-
tions usually stay connected in larger clusters (colonies). This structure
allows exchange of nutrients and assimilates between fronds (Demmi-
g-Adams et al., 2022), but the cohabitation is not guaranteed. In fact, a
common duckweed response to acute stress is breaking up colonies into
smaller clusters or single fronds, presumably to increase the survival
chances for at least some fronds (Henke et al., 2011; Persic et al., 2022).

It can be hypothesized that different ontogenetic stages will differ-
entially modulate uptake, transport, and biological impacts of pollut-
ants. Yet, the duckweed literature mostly reports averaged (across
colonies) responses of species to environmental factors. Imaging-based
phenotyping methods may offer a means to tell apart responses of in-
dividual fronds or even different parts of the same frond. Zinc and
paraquat sensitivities, as examples, proved to be the function of frond
age (Lahive et al., 2012; Park et al., 2020).

Duckweeds are extensively used in plant physiology and ecotoxi-
cology research as higher plant models (OECD, 2006; Acosta et al.,
2021). In addition, their economic potential as water remediating agents
and novel crops gains significance as well (Paolacci et al., 2022; Petersen
et al., 2022; Szabo et al., 2023). All the above applications rely strongly
on the interactions between duckweed colonies and their environment,
including uptake and re-distribution of nutrients and/or toxins within
and between fronds.

The aim of this study was to assess duckweed responses to heavy
metals at the level of individual fronds and within-frond segments.
Three duckweed species, namely S. polyrhiza, Landoltia punctata and
Lemna minor, were treated with nickel and hexavalent chromium, and
photosynthetic responses were analyzed using in vivo chlorophyll fluo-
rescence imaging. This method has proved its suitability in studying
duckweed responses to various agents (Olah et al., 2021), and also en-
ables morphometric analyses (Pietrini et al., 2019).

The specific questions we studied in the present paper were as
follows:

(i) is there a functional difference in the metal-induced responses of
fronds at different ontogenetic stages and in different parts of fronds?

(ii) are the response patterns consistent among the species and heavy
metals?

2. Materials and methods
2.1. Stock culturing and experimental design

Axenic laboratory cultures of the three duckweed species, Spirodela
polyrhiza (L.) Schleid. clone UD0401 (lake Kis-Balaton, W. Hungary,
Olah et al., 2018), Landoltia punctata (G. Meyer) Les & Crawford clone
#7760 (Landolt clone, S. Australia) and Lemna minor L. clone UD0201
(E. Hungary, Olah et al., 2010) were used. The stock cultures were
maintained in 300 ml Erlenmeyer flasks, in Steinberg’s medium (pH 6.0
+ 0.2, Environment Canada, 2007), under constant temperature (24+2
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°C) and irradiation (PPFD 60+10 pE m~2 s, white light, Olah et al.,
2021).

Healthy colonies from 7 to 8 days-old stock cultures were used for the
experimental work. The heavy metal treatments were conducted in 12-
well tissue culturing plates, containing 4 ml of either pure Steinberg’s
medium (control), or the same medium with 4 mg 171 Cr(VI) (applied as
KoCry07), or 2.5 mg 1" Ni (applied as NiSO4 x 7 H30) in each well,
respectively. The experimental setup and the applied heavy metal con-
centrations were adapted from previous works with the same clones
(Olah et al., 2021, 2023), and aimed at inducing considerable impact on
plant growth and photosystem II (PSII) photochemistry but not trig-
gering frond mortality by the end of the treatment duration. The starting
inoculum was 1 colony per well, corresponding to 3.3 + 0.7 fronds for
S. polyrhiza; 3.8 £ 1.6 fronds for La. punctata and 3.3 £ 0.5 fronds for Le.
minor, respectively. The heavy metal exposures lasted for 72+2 h under
identical ambient conditions as for stock culturing. For preparing the
Steinberg’s medium and heavy metal treatments, reagent grade chem-
icals and Type L. ultrapure water were used.

The tests in multi-well plates were conducted with 4 parallel wells
for each treatment, and the experiments were repeated three times with
S. polyrhiza and La. punctata (resulting in a total of n = 12 wells per
treatment), and two times with Le. minor, resulting in a total of n = 8
wells per treatment for this species.

2.2. In vivo chlorophyll fluorescence measurements

On the starting (0 d) and finishing (3 d) days of the experiments, dark
adapted in vivo chlorophyll fluorescence induction parameters of the test
plants’ photosystem II (PSII) were assessed by means of an ImagingPam
M-series chlorophyll fluorometer (Walz GmbH, Effeltrich, Germany),
using a previously reported protocol (Olah et al., 2021). In short,
following a 30 min-long dark adaption, the base fluorescence (Fo) and
maximal fluorescence (Fm) of plants were determined using weak,
non-inducible measuring light flashes (~100 ms pulses at 1 Hz fre-
quency), and a strong light pulse (~4000 pE m~2 s™!) for 720 ms. After
recording Fo and Fm, a moderate (~77 pE m 2 s~ 1) actinic illumination
was applied for 10 min to reach steady-state photosynthesis. At the end
of this period, steady-state fluorescence (Fs) and, by applying a second
saturating light pulse, light-acclimated maximal fluorescence (Fm’)
were determined.

We used the built-in LED light source (blue, 450 nm) of the instru-
ment to measure modulated fluorescence, as well as to generate satu-
rating light pulses and continuous actinic illumination. Based on the Fo,
Fm, Fs and Fm’ values measured on the 3" day of treatments, further
indices were derived pixel-by-pixel by means of the ImagingWinGigE
software (Walz GmbH, Germany) as follows:

Fv/Fm = (Fm-Fo)/Fm = maximum (or potential) quantum yield of
PSII photochemistry (Rohacek, 2002)

Y(II) = (Fm’-Fs)/Fm’ = effective (or actual) quantum yield of
photochemical energy conversion in PSII under the applied light in-
tensity and ambient conditions (Rohacek, 2002)

Y(NPQ) = (Fs/Fm’)-(Fs/Fm) = quantum yield of regulated non-
photochemical energy dissipation in PS II (Klughammer and Schreiber,
2008)

Y(NO) = Fs/Fm = quantum yield of non-regulated heat dissipation
and fluorescence emission (Klughammer and Schreiber, 2008)

Fv/Fm, Y(II), Y(NPQ) and Y(NO) were averaged on a well basis and
were used to characterize the overall photosynthetic performance of
cultures.

The instrument allowed simultaneous measurements of all plants in a
12-well plate, and imaged chlorophyll fluorescence signals at a
1392x1040 pixel (~1,5 Mpixel) nominal resolution. As the instrument
automatically bins the neighboring 2 x 2 pixels, the final resolution of
the obtained images was 640x480 pixels, which resulted in ~0.22 mm
(4.6 pixel mm™!) spatial resolution in the applied experimental setup.
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2.3. Image analysis

Chlorophyll fluorescence images of the plates allowed extraction of
different types of information. For example, using the Fv/Fm-images of
the plates, taken on the 0 and 3™ days of the treatments, we counted
fronds in each well. Then we calculated the frond number-based relative
growth rate (RGRgy) as a general proxy of plant fitness (OECD, 2006):

RGRpy (day ™) = (InFN; — InFN)/3

where FNj and FNj3 are the respective frond numbers at the o™ and 3
days, and 3 is the exposure time in days.

Additionally, on the 3™ day of treatments we also counted the
number of colonies and then determined the colony size as follows:

colony size = Nrond/Neolony
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where Nfong is the total number of fronds and Neolony is the number of
colonies in the respective well.

In order to obtain frond-level data, we exported the chlorophyll
fluorescence images of plates taken on the 3rd day by the Imag-
inWinGigE software as 256-bit grayscale jpeg-images (Fig. 1A). We
analyzed Fv/Fm and Y(II) along linear transects of duckweed fronds by
means of the “plot profile” function of ImageJ v1.45 (Abramoff et al.,
2004) (Fig. 1B, C). Each transsect was taken along the longitudinal axis,
starting from the proximal (basal) and finishing at the distal (apical) end
of the fronds. Relative pixel intensities (0-255) with their corresponding
position (pixel number) were exported and processed further in MS
Excel 2016. As both Fv/Fm and Y(II) theoretically can have a value
between 0 and 1, the relative pixel intensities were converted back to
quantum yield by the following formula:

Fv/Fm or Y(II) = (1/256)*pixel intensity
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Fig. 1. Examples for analyses of chlorophyll fluorescence and scanned images, respectively: (A) False-color, and (B) grayscale Fv/Fm image of S. polyrhiza fronds
treated with Ni for 72 h. The orange arrow in B indicates the linear transect along the longitudinal axis of a frond due to sample pixel values, C) profile of gray values
along the sampled transect from B, corresponding to the Fv/Fm, D) scanned image of a control La. punctata colony, the orange arrows show the distance between the
base and apex (i.e. frond length) and between the base and node (i.e. basal part) in a mother frond, respectively.
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This way, the following data were derived for each frond of a culture:

-total frond length (=max pixel No * 0.22 mm),

-average Fv/Fm and Y(II) of each frond (=averaged pixel values
along a transsect),

-relative position (=pixel No / max pixel No), Fv/Fm and Y(II) of
each pixel along the longitudinal axis

In order to ensure sufficient spatial resolution, only fronds with a
minimum of 12 pixels length (i.e. ~2.6 mm) were analyzed further.

The length of the basal part, that is the species-specific position of
nodes in mature fronds was also determined. For this, we scanned the
abaxial surface of 30-30 control colonies per species using a flatbed
scanner (600 dpi, HP PSC 2175). These scanned images were analyzed
by means of ImageJ v1.45 (Abramoff et al., 2004). The relative distance
from the frond basal end to the node was expressed as% of the total frond
length measured along the longitudinal axis of mature fronds (Fig. 1D).

2.4. Data processing and statistical analyses

Pairwise comparisons between the data on heavy metal-treated and
control plants were performed by means of two sample Mann-Whitney
tests. Comparisons across different species were performed using the
Kruskal-Wallis test and, in case of significant differences, by post hoc
Mann-Whitney pairwise comparisons.

Descriptive statistics of morphometric and chlorophyll fluorescence
data were performed by the “summary statistics” function of Past 4.0
(Hammer et al., 2001). The length distribution of the fronds measured in
the chlorophyll fluorescence images was assessed by the “density”
function of RStudio v1.1.463 (RStudio Team, 2020).

The assumed correlation of frond length with PSII quantum yields
was tested by fitting linear ordinary least squares regression models and
calculating Pearson’s correlation. To compare heavy metal-induced re-
sponses as a function of frond size, the slopes of the regression models
were compared by means of Past 4.0 (Hammer et al., 2001).

To analyze within-frond patterns of PSII quantum yields, each frond
was classified into two categories based on its length, hereinafter
referred to as young and mature, respectively. Fronds were considered
as young if their size was below the median length of the respective
control frond length, otherwise it was classified as mature. In both
groups, pixel values at 5, 15, 25, 35, 45, 55, 65, 75, 85 and 95 % of the
full transect length, measured from the proximal (basal) to the distal
(apical) end, were used for within-frond heterogeneity analyses in Past
4.0 (Hammer et al., 2001). The assumed heterogeneity was tested by
means of Kruskal-Wallis test, using data normalized to the means of their
respective fronds. In case of significant result, the differences were
compared pairwise by Bonferroni-corrected post hoc Mann-Whitney test.

5 % probability level, i.e., p < 0.05 was considered as the threshold
for statistical significance in all analyses.

3. Results
3.1. Culture-level responses of duckweed species

Among the control cultures, S. polyrhiza displayed the slowest
growth and formed the largest colonies (Table 1). La. punctata grew

faster and formed the smallest colonies, while Le. minor had the highest

Table 1
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RGRpy and an intermediate colony size (Table 1). Fv/Fm and Y(II) of
control cultures showed a different order of species (Table 1): in general,
control plants of La. punctata had the highest Fv/Fm and Y(II), while
S. polyrhiza and Le. minor had similar Fv/Fm values, but the latter species
displayed higher Y(II) than the former one. La. punctata had the lowest
proportion of both regulated [Y(NPQ)] and non-regulated [Y(NO)] non-
photochemical quenchings, though its Y(NPQ) did not differ signifi-
cantly from that of Le. minor. S. polyrhiza, on the other hand, had the
highest Y(NPQ), while its Y(NO) was similar to that of Le. minor
(Table 1).

The heavy metals nickel and chromium caused a significant decrease
in RGRyy of the tested species at the applied concentrations (Fig. 2A). In
response to Cr(VI), the growth of the three metal-exposed species did not
differ significantly. When exposed to nickel, La. punctata displayed a low
sensitivity in terms of growth, while S. polyrhiza proved to be the most
sensitive. Ni also triggered breaking-up of colonies, thus decreasing the
mean colony size with the greatest extent for S. polyrhiza and a lowest
one for La. punctata (Fig. 2B). Cr(VI) did not decrease significantly the
colony size in either species, only Le. minor showed a slightly lowered
value (Fig. 2B).

Fv/Fm values indicated a different sensitivity order of the tested
species than RGRpy (Fig. 2C). Cr(VD)-treatments decreased Fv/Fm
stronger in Le. minor than in the other two species. In Ni-treatments, Fv/
Fm indicated that S. polyrhiza was most sensitive compared to La.
punctata and Le. minor. Inhibition of Y(II) by Cr(VI) was similar in all
three species, while Ni impacted Y(II) substantially in S. polyrhiza, but
caused just a slight decrease in the other two species (Fig. 2D).

Both Y(NPQ) and Y(NO) of S. polyrhiza increased slightly in response
to Cr(VI) treatments, but showed the strongest rise amongst the tested
species due to Ni-treatments (Fig. 2E-F). Cr(VI)-treated La. punctata
displayed strong up-regulation of Y(NPQ), and a slight increase in Y
(NO). As a result of Ni treatments, this species showed an intermediate
increase in Y(NPQ), but only a slight change in Y(NO) (Fig. 2E-F). The
increase in Y(NPQ) of Le. minor was between the other two species due to
Cr(VI)-treatment, but that of Y(NO) slightly exceeded those of
S. polyrhiza and La. punctata. In case of Ni treatments, Le. minor showed
similar increase in both Y(NPQ) and Y(NO), which ranked this species as
less responsive for the former, and intermediately responsive in terms of
the latter parameter, respectively (Fig. 2E-F).

Control cultures displayed a negatively skewed frond size distribu-
tion, indicating that the dominant frond size class (based on frond
length) was that of mature fronds (Fig. 3). The size distribution was less
assymetric -i.e. showed a higher proportion of smaller fronds- in fast-
growing Le. minor compared to slower-growing La. punctata and espe-
cially S. polyrhiza (Table S1).

Heavy metal treatments resulted in changes of size distribution
patterns in a species- and heavy metal-specific way (Fig. 3). In
S. polyrhiza, both Cr(VI) and Ni exposure resulted in a shift towards the
dominance of smaller fronds, resulting in a more symmetrical distribu-
tion. In Le. minor, Cr(VI) had a very similar effect, resulting in a less
skewed length distribution (Table S1). However, in Le. minor cultures,
nickel increased the dominance of larger fronds (Fig. 3). In La. punctata,
both Ni and Cr(VI) had only minor effects on frond length distribution.

Mean (+SE) growth rates (RGRgy), colony sizes, maximum (Fv/Fm) and actual quantum yields of PSII (Y(II), regulated (Y(NPQ) and non-regulated non-photochemical
quenchings (Y(NPO) in the control cultures on the 3rd day of tests. Different lower cases indicate significant differences (p < 0.05) of species (n = 12-12 for S. polyrhiza,

La. punctata, and n = 8 for Le. minor, respectively).

RGRpy colony size Fv/Fm YD) Y(NPQ) Y(NO)
(day’l) (frond colony’l) (a.u.) (a.u.) (a.u) (a.u.)
S. polyrhiza 0.251+0.010° 5.2140.31° 0.748+0.001° 0.492:+0.005° 0.224:+0.003° 0.283+0.005°
La. punctata 0.306+0.012° 3.18+0.11° 0.781+0.001% 0.595+0.002° 0.156+0.002° 0.249+0.001°
Le. minor 0.375+0.0107 3.56+0.19" 0.749+0.001° 0.551+0.003" 0.163+0.004° 0.287+0.005°
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3.2. Frond-level photosynthetic responses

Both Fv/Fm and Y(II) showed a strong positive correlation with
frond length in control cultures of every species (Fig. 4., Table S2). The
slope of this relationship, however, was small for both parameters
within the studied frond size range. When treated with Cr(VI) or Ni, the
three species showed a different response pattern of Fv/Fm as function
of frond length (Fig. 4, Tables S2-S3). In Cr(VI)-treated S. polyrhiza, Fv/
Fm of smaller (i.e. young) fronds had declined more compared to larger
(i.e. mature) fronds. As a result, the slope of the regression model
became steeper (Fig. 4A). The regression model for the Y(II) of Cr(VD)-

treated fronds, on the other hand, showed a slope similar to that of
the control of the same species (Fig. 4B). Ni-treated S. polyrhiza fronds
showed another pattern, with a greater decrease, i.e. higher Ni-
sensitivity of the mature fronds (Fig. 4A, B).

In La. punctata plants (Fig. 4C-D), young fronds showed lower inhi-
bition of PSII activity due to Cr(VI) exposure, but a higher inhibition
when exposed to Ni, compared to the mature fronds. Le. minor plants
exhibited similar responses to Ni- and Cr-treatments: both metals had a
stronger impact on the young fronds compared to the mature ones
(Fig. 4E-F). It should be noted, that for Cr(VI)-treated Le. minor, the
correlation coefficient of Y(II) as a function of frond length was not
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regression models in case of the respective plot.

significant (Table S2), and the slopes did not differ significantly between
this treatment and the control (Table S3). On the other hand, Ni-treated
mature fronds displayed comparable Fv/Fm and Y(II) values similar to
control fronds, while young Ni- treated fronds showed reduced photo-
synthetic quantum yields.

3.3. Within-frond photosynthetic patterns

In control cultures, we observed distinct within-frond longitudinal
patterns of Fv/Fm as a function of species and frond maturity (Fig. 5). In
general, young control fronds displayed an increasing trend in the
photochemical efficiency from the base towards the apex, except of Fv/
Fm in La. punctata (Fig. 5C). The basal part in mature control fronds was
shortest in S. polyrhiza (25.5 + 0.5 % of the total frond length), but

constituted more to the frond in La. punctata (34.4 + 0.6 %) and Le.
minor (33.0 + 0.7 %). In all species, a definite Fv/Fm increase was found
in these fronds from the basal end till the node (Fig. 5B,D,F). In
S. polyrhiza and La. punctata, Fv/Fm stayed nearly constant or rose only
slightly from the node up to the apex. In Le. minor, Fv/Fm decreased
gradually from the fronds’ middle region towards the apex (Fig. 5F).
Heavy metal treatments influenced the within-frond Fv/Fm patterns
in a strongly metal- and age-dependent manner (Fig. 5). Cr(VI) primarily
affected the peripheral frond regions in each species. Consequently, in
young fronds Fv/Fm was the highest in the basal parts still attached to
the pouch and showed a gradual decline towards the apex (Fig. 5A,C,E).
In mature fronds, both basal and apical regions had lower Fv/Fm values
than the middle parts (Fig. 5B,D,F). Ni-treatments resulted in a different
spatial pattern of Fv/Fm as compared to Cr(VI). Ni had a stronger impact
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Fig. 5. Patterns (means+SE) in the dark adapted potential photochemical quantum yield of PSII (Fv/Fm) along the longitudinal axis of young (A, C, E) and mature
(B, D, F) fronds grown in either pure Steinberg’s medium (control, green), 4 mg 17 cr(vD) (red), or 2.5 mg 17! Ni (blue), respectively. Different lower cases denote
significant (p < 0.05) differences within the given frond transect. Asterisks indicate significant (p < 0.05) differences compared to the respective control at the given
relative position. Crosses in case of young control fronds indicate significant (p < 0.05) differences compared to the respective control mature frond data at the given
relative position. Dashed vertical lines for mature fronds (B, D, F) indicate the species-specific relative position of node along the fronds’ axis.

on Fv/Fm in the basal regions of La. punctata and Le. minor young fronds
(Fig. 5C,E) as compared to the apical parts. Indeed, the latter ones
maintained similar Fv/Fm as the respective controls. In mature fronds of
these two species, Ni-treatment affected less the within-frond patterns of
Fv/Fm (Fig. 5D,F). However, S. polyrhiza responded differently to Ni:
Fv/Fm was the highest at the basal regions of both the young and mature
fronds and showed a gradual decline towards the apex (Fig. 5A, B). An
almost general feature of Fv/Fm in all treatments and species was that
positional trends changed around the morphometric position of the
node. Though this kind of “turning point” was also typical to mature
control fronds, the heavy metal treatments pronounced its presence even
further, such as in case of Ni-treated S. polyrhiza (Fig. 5B) and Cr(VI)-
treated Le. minor (Fig. 5F).

Spatial patterns of Y(II) in control fronds resembled those of Fv/Fm

when the respective species and maturity stages of fronds were
compared (Fig. 6). Young control fronds of Le. minor, as an exeption,
showed no basipetal trend in this parameter (Fig. 6E).

The Y(II) of heavy metal-treated fronds showed similar species-,
position- and treatment-dependent patterns as Fv/Fm, but the within-
frond gradients in Y(II) were in some cases more pronounced (Fig. 6).
Differences in sensitivity of frond regions became more evident in La.
punctata and Le. minor. Those parts which displayed almost the same Fv/
Fm under Ni-treatments than control, i.e. mature fronds and maturing
regions of young fronds, suffered stronger PSII inhibition under actinic
light (Fig. 6C, E). Similarly, in mature fronds of S. polyrhiza a strong
depression of Y(II) became apparent in the middle zone due to Ni
treatments (Fig. 6B). In contrast, the basal segments in young fronds of
S. polyrhiza showed similarly strong decline in PSII efficiency to that of
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Fig. 6. Patterns (means+SE) in the actual photochemical efficiency (Y(II) along the longitudinal axis of young (A, C, E) and mature (B, D, F) fronds grown in either
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the maturing apical parts (Fig. 6A).
4. Discussion
4.1. Culture-level responses of the tested duckweed species

The heavy metal treatments strongly affected plant growth in a
species- and metal-specific manner. Higher Ni-sensitivity of S. polyrhiza
compared to La. punctata and Le. minor has previously been reported
(Xylander and Augsten, 1992; Appenroth et al., 2010), which may be
due to the more efficient Ni-uptake by the former species under identical
conditions (Olah et al., 2023). Regarding Cr(VI) tolerance, Appenroth
et al. (2008) found only negligible differences between S. polyrhiza and

Le. minor. These reports are consistent with our findings.

Frond length distributions showed that heavy metal treatments
strongly affected not only frond production but also elongation of
already formed fronds. Nickel is known to both inhibit cell division and
restrict plant cell expansion (Yusuf et al., 2011; Hassan et al., 2019).
Chromate may impair plant growth by disrupting cell division and
interfering with assimilation, nutrient and water homeostasis (DalCorso,
2012; Ali et al., 2023). Disturbed frond development by heavy metals
has previously been reported for various duckweed species (see e.g.
Appenroth et al., 2003; Reale et al., 2016 for Cr(VI), and Xylander et al.,
1990; Appenroth et al., 2010 for Ni). Such a response can also be actively
coordinated by a crosstalk between the cells’ altered redox state (i.e.
reactive oxygen species) and auxin distribution (Tognetti et al., 2012).
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These so-called generic stress-induced morphogenic responses (“SIMRs”,
Potters et al., 2007) have already been linked to the effects of e.g.
alumina nanoparticles on duckweeds (Juhel et al., 2011) and may have a
role during acclimation to unfavorable conditions. In our study the three
tested species showed divergent morphological responses. S. polyrhiza
responded to the exposure to both heavy metals with an increased share
of smaller fronds. This pattern points to arrested frond expansion
throughout the maturation process. Le. minor responded similarly to Cr
(VD). However, this species exhibited stronger dominance of larger
fronds under Ni treatment which can be explained by the high sensitivity
of forming fronds to this metal. In La. punctata as a contrast, the
frond-length distributions remained relatively insensitive to treatments
with either metal.

Metal-induced changes in the chlorophyll fluorescence parameters,
however, showed a different sensitivity order of species than inhibition
of growth. This discrepancy stresses the fact that growth- and chloro-
phyll fluorescence-derived phytotoxicity endpoints may be comple-
mentary, but not interchangeable (Olah et al., 2021).

4.2. Frond-level responses

Data showed a gradual build-up in the assimilating capacity (Fv/Fm
and Y(II) along with frond ontogenesis. Higher photochemical efficiency
of mature duckweed fronds, compared to their offspring was also re-
ported by Lahive et al. (2012). At frond-level, the studied species
exhibited different photosynthetic responses to the two applied heavy
metals as a function of frond size. In S. polyrhiza, smaller fronds suffered
higher PSII inhibition in response to Cr(VI), and lower inhibition to Ni,
compared to mature fronds. In La. punctata, the opposite was observed,
that is higher sensitivity of mature fronds to Cr(VI) and lower sensitivity
to Ni as compared to the younger ones. In Le. minor, the younger fronds
were more prone to both Cr(VI) and Ni-toxicity. Thus, the ontogenetic
stage is an important determinant of plant metal stress in a
metal-specific manner. The importance of ontogenetic stage in vulner-
ability of plant organs to heavy metals has been reported extensively for
terrestrial plants (Krupa and Moniak, 1998; Riesen and Feller, 2005;
DalCorso, 2012; Hassan et al., 2019). Age-related responses of duckweed
fronds, however, have rarely been discussed so far. Lahive et al. (2012)
found that Zn-treatments affected PSII function stronger in the younger
fronds of La. punctata, Le. minor and Le. gibba than in the more mature
ones. Our results for Ni-treated La. punctata and Le. minor confirmed that
younger fronds were impacted stronger. This may relate to the obser-
vation that Ni is readily retranslocated within plants, i.e. from the older
organs to the younger ones (Riesen and Feller, 2005). Analyses using
pXRF have provided evidence of Ni retranslocation in the three duck-
weed species (Olah et al., 2023). The opposite pattern, that is higher
sensitivity of the older fronds compared to the younger ones in both
Ni-treated S. polyrhiza and Cr(VI)-treated La. punctata can be related to
heavy metal-induced senescence. A similar pattern was reported in
Cd-treated S. polyrhiza mother fronds compared to their younger
offspring (Persic et al., 2022). The species- and concentration-specificity
of this response type, however, is yet to be revealed.

All in all, these diverging patterns indicate that species- and
ontogeny-dependent differences may modulate duckweeds’ environ-
mental responses to metals, and great care should be taken in general-
izing duckweed stress responses from single measurements.

4.3. Within-frond patterns

In young fronds of control cultures, a basipetal increase in PSII ef-
ficiency was observed. Mature control fronds of S. polyrhiza and La.
punctata displayed similar within-frond patterns. Photochemical effi-
ciency increased gradually from the basal end towards the middle zone
of the fronds, and then it stayed nearly constant up to the apical tip. In
contrast, in Le. minor, the spatial pattern comprised of decreasing Fv/Fm
and Y(II) values from the middle frond region towards the apex.
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Ontogenetic differences within mature fronds may play lesser role in
these observed basipetal patterns, but functional differences, e.g. the
presence of meristems, may be hypothesized.

Different spatial zones of both young and mature fronds displayed
different sensitivity to Ni and Cr(VI). In La. punctata and Le. minor, Ni
predominantly inhibited PSII in young tissues, while mature fronds and
frond segments were less affected. Ni easily migrates via the xylem and
phloem and tends to accumulate in younger organs (Yusuf et al., 2011;
Hassan et al., 2019). Thus, we hypothesize that a higher Ni uptake rate
by offspring is a less likely cause of differential sensitivities than Ni
re-translocation towards the younger tissues A similar mechanism may
explain the reported accumulation of Cd in the node, veins and meri-
stematic pocket compared to the main body of La. punctata fronds (Xu
et al., 2018). Toxicity due to enhanced metal accumulation may be
further accelerated by a higher sensitivity and/or a less efficient defense
of developing tissues (Lahive et al., 2012). In S. polyrhiza, on the other
hand, strong inhibition by Ni was found irrespective of frond age. This
can be explained by higher Ni accumulation and/or generally higher
sensitivity of this species to Ni as has previously been reported
(Appenroth et al., 2010; Olah et al., 2023).

Cr(VI) treatment yielded a more consistent within-frond pattern of
photochemical efficiency among duckweed species. The primary targets
of Cr(VI)-induced damage were the frond margins, especially the apical
parts of both young and mature fronds. Terrestrial plants take Cr(VI) up
by roots and transport it in the xylem to the aerial parts (Ali et al., 2023).
In the leaves, Cr(VI) induces chlorosis and burning, especially in the
margins and tips (Singh, 2001). Our previous pXRF analyses on the same
three duckweed species also indicated an enhanced Cr accumulation in
the frond peripheral regions and veins (Olah et al., 2023). The analogous
Cr accumulation patterns in aquatic and terrestrial plants suggest that
internal translocation may play a dominant role, rather than different
rates of metal uptake in different parts of fronds.

The basipetal trends in photochemical efficiency clearly changed in
the vicinity of the node both in control and heavy metal-treated fronds.
This suggests functionally distinct parts of fronds, separated by a phys-
iological barrier marked by the node. Meristematic pouches are local-
ized in the basal part of fronds, delineated by the node (Landolt, 1986).
Since offspring is produced in this region, its assimilating capacity may
be lower, but the rest of the frond can easily compensate for this
trade-off. In protecting this region, veins may play an important role in
directing potential toxins away. Veins can disperse toxic substances to-
wards the central and apical frond parts that have no crucial role in
producing offspring. From this perspective, colony disintegration and
dropping-off roots by fronds can also be considered as preventive
mechanisms that cut-off internal transport of toxicants. Amongst other
factors, enhanced frond abscission was reported in response to heavy
metals (Henke et al., 2011). Li and Xiong (2004) found forced frond
abscission due to Cd in Lemna paucicostata (current name is Lemna
aequinoctialis), and hypothesized that it can prevent metal translocation
towards the daughter fronds. In this study, Ni caused significant colony
breakup at the applied concentration, but not Cr(VI). An explanation for
that can be that the latter metal is primarily translocated to, and accu-
mulated at, the distal parts of the fronds.

This study represents only a small subset of the 36 duckweed species,
and used only one concentrations of two heavy metals. Furthermore, this
study focused only on rapid internal metal distribution responses (<72
h). It is likely that long term responses to metals are even more complex
due to the additional induction of phenotypic alterations. Nevertheless,
the obtained results point to contrasting species-, age- and substance-
specific plant responses. These findings highlight the, so far, under-
explored potential of frond- and within-frond level analyses in these
tiny plants. Future research with such recently emerging techniques as
single-cell sequencing (Abramson et al., 2022), or joint imaging ap-
proaches, promises to further resolve the functional differentiation in
duckweed fronds and colonies.
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5. Conclusions

Our results demonstrate that duckweed colonies and fronds consist
of functionally different parts that show distinct responses to environ-
mental stimuli. Such differences are masked when one analyzes aver-
aged responses of a duckweed culture in routine tests. Duckweed species
are widely utilized in plant physiology and ecotoxicology research, and
also have an increasing economic significance. All those applications
rely strongly on the interactions between the duckweed colony and its
environment. Therefore, detailed frond-level analysis of duckweed re-
sponses by various imaging methods offers a unique asset to gain better
insight into the functioning of these widely used model organisms. Since
many of those imaging techniques use in vivo, non-invasive approaches,
such methods bear the promise to facilitate repeated, time-resolved
analyses, or joint measurements of multiple aspects of duckweed envi-
ronmental responses on the same colonies.
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