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Abstract

Phytoextraction strategy by harvesting dead leaves provides non-stop phytoremediation and a great
saving in disposal cost of hazardous plant residues. This strategy is entirely dependent upon the amount
of cadmium (Cd) accumulated in dead leaves. However, it is unknown that whether the leaf Cd
accumulation is associated with its senescence and how to regulate its Cd accumulation. This study
showed that Cd was preferentially and consistently distributed to and accumulated in the senescent
leaves with the new leaf emergence and the old leaf dieback under 75 uM of Cd stress in tall fescue
(Festuca arundinacea). Individual leaf monitoring from its emergence to senescence showed that Cd
concentration increased exponentially with the leaf life cycle, while leaf biomass decreased gradually
after 14 d of leaf emergence. The total amount of Cd accumulated in the leaf showed an exponential
increase during leaf senescence, regardless of the leaf biomass loss. Our results demonstrated that leaf
Cd accumulation was significantly associated with its senescence and the highest Cd accumulated in
dead leaves could be contributed from the continuous Cd input during the leaf senescent process,
indicating that further regulatory studies should be focused on the leaf senescence process to achieve
higher Cd accumulation and phytoextraction efficiency by harvesting dead leaves.

1. Introduction

Cadmium (Cd) is one of the most hazardous heavy metals in the environment (Larison et al., 2000),
which induced gene mutation and serious diseases such as cardiovascular disease (Cosselman et al.,
2015) and many kinds of cancers, even at low concentrations (Koedrith et al., 2013). Phytoextraction is a
green technology using plants to remove soil Cd pollution (Benavides et al., 2021). Phytoextraction
efficiency is mainly dependent upon the amount of Cd accumulated in the harvesting organs of plants
(Adamidis et al., 2017; Yuan et al., 2019).

Current phytoextraction technology is to remove soil Cd pollution by harvesting plant shoots enriched
with Cd (Hu et al., 2016; Luo et al., 2016). Most of the hyperaccumulators are annual plant species
(Rascio & Navari-lzzo, 2011; Sterckeman et al., 2019), which need to be replanted in their growing season
after each harvesting to restore the phytoextraction process (Bidar et al., 2009; Pogrzeba et al., 2018).
There is a period between harvesting and replanting, in which soil erosion could lead to a risk of Cd
diffusion (Wang et al., 2019; Kidd, et al., 2015). Besides, the huge amount of harvesting plant residues is
difficult and costly for their disposal (Ghosh & Singh, 2005; Carrier et al.,2011; Chaney & Baklanov, 2017).
Sas-Nowosielska et al. (2004) estimated that the cost of plant residue incineration was 180-220 €/1.

Our previous studies found that tall fescue (Festuca arundinacea) performed hypertolerance of soil Cd
pollution by its avoidance mechanism (Xu & Wang, 2003; Zuo et al., 2021). Most of the shoot Cd was
accumulated in its senescent and dead leaves and little Cd was accumulated in its photosynthetic
mesophyll tissues of the young and mature leaves (Dong et al., 2017; Fei et al., 2018). A novel strategy of
Cd phytoextraction by harvesting the dead leaves was proposed because the dead leaves accumulated
73.4-87.2% of the shoot Cd with only 12.6-16.3% of the shoot biomass (Wang et al., 2019). This novel
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Cd phytoextraction strategy was also supported by Luo et al. (2019; 2020), in which Cd phytoextraction
by harvesting the senescent and dead leaves of tall fescue was enhanced by the intercropping with Cicer
arietinum and irrigation of the magnetized water.

Compared with the previous phytoextraction technologies, this new strategy has obvious advantages in
saving the disposal cost of the harvesting plant residues and providing continuous and uninterrupted soil
phytoextraction. However, the phytoextraction strategy by harvesting the dead leaf is entirely dependent
upon the capacity of Cd accumulation in dead leaves. Dead leaves are the result of leaf senescence. It is
of vital importance to know whether the leaf Cd accumulation is associated with its senescence and what
happened during the process of leaf senescence in tall fescue.

Therefore, this study was designed to investigate: (1) how leaf Cd accumulated during its senescent
process, and (2) whether the higher Cd concentration in the senescent leaf was from external Cd input or
its biomass loss.

2. Materials And Methods
2.1 Plant growth and experiment design

Tall fescue (Festuca arundinacea) cultivar jaguar 4G’ was used in this study. One seed of tall fescue was
placed in the filter paper saturated with distilled water and incubated in the dark at 25°C. When the seed
germinated and roots appeared from the filter paper at seven days, seedlings were transplanted into
plastic tanks (25 seedlings per tank) containing 2.4 L of the half-strength Hoagland’s solution. The
growth condition was the same as our previous hydroponic experiments (25/20 + 2°C of day/night
temperatures, 50 + 2% of relative humidity, 14 h of photoperiod, and 400 pmol m~2 s~ of canopy
photosynthetically active radiation).

A completely random design was used in this experiment with four replicates in each treatment. Half of
the experimental tanks were exposed to Cd stress when the 4th leaf was emerging from the main shoot
and the other half as the non-Cd control. Cd stress was at 75 pM Cd?* concentration by adding
CdCl,*2.5H,0 into the 1/2 Hoagland's solution. The nutrient solution was maintained at 6.5 pH and
replaced freshly every week. All leaves grown from the plants were recorded and labeled throughout the
whole experimental period. Plants were sampled every 7 d for the following measurements.

2.2 Measurements

Plant growth parameters: Plant height and root length of tall fescue were measured according to Zuo et
al. (2021). Ten plants in each pot were selected randomly and their average was used as the treatment
tank. Plant samples were separated into shoots and roots based on a single tiller, then oven-dried to a
constant weight, and recorded as their biomasses.
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Cd analyses: Each leaf was separated and sampled for Cd analyses. To avoid the dead leaves from being
contaminated by Cd in the nutrient solution, the bottom leaf was cut off before it drooped. Therefore, the
leaves in this experiment were only defined as the emerging, mature, and senescent leaves and no dead
leaves appeared. Cd analyses followed the procedures of our previous studies (Xu and Wang, 2013) and
were determined using inductively coupled plasma spectroscopy (ICP Optima 8000, PerkinElmer,
America). Quality control of the analyses was verified by co-analyzing certified reference samples for
every 12 experimental samples. A blank was used to check interference and cross-contamination for
every 15 samples. The Cd recovery rate was 95 ~ 103%.

Data analysis was followed by the same method as previously described (Xu and Wang, 2014; Wang et
al., 2017). Statistical analysis was performed by analysis of variance (ANOVA) with the software SAS
(version 9.1, SAS Institute Inc., Cary, NC). Asterisk and the different letters in the figures indicate
statistically significant differences separated by Ducan's multiple tests at a significant level of p<0.05.

3. Results
3.1 Plant growth

Cd stress significantly inhibited the plant growth of tall fescue (Fig. 1). Plant vertical growth was stopped
by the Cd stress as indicated by no significant changes of plant height during the whole experimental
period, which was significantly lower than the non-Cd control after 21 d of treatment (Fig. 1A). Shoot
biomass per tiller was not as sensitive as plant height in response to the Cd stress and it still stably
increased under the Cd stress until 49 d of treatment, which only showed significantly lower than the non-
Cd control after 28 d of treatment (Fig. 1B). Root length and root biomass per tiller also showed steady
increases under the Cd stress until 28 d of treatment and only showed their decline after 49 d of
treatment (Fig. 1C, D). When compared with the non-Cd control, root length was significantly shorter
during the whole experimental period, but root biomass per tiller only showed a significantly lower after
21 d of treatment.

3.2 Cd accumulation in roots and shoots

Root accumulated a significantly higher Cd than shoot until 49 d after Cd stress (Fig. 2). Root Cd
accumulation shows a sharp increase before the 35 d but remains at a relatively stable level after 42 d of

Cd stress, which meet an equation: y = -3.2 + 3.9x - 0.08x? + 0.0006x3, while y: root Cd accumulation
(ug/plant); x: days under the Cd stress. RZ=0.96 ** (p <0.001). Shoot Cd accumulation shows a sharp
increase throughout the whole experimental period, which meets an exponential curve: y = 6.0 €294X while
y: shoot Cd accumulation (ug/plant); x: days under the Cd stress. R? = 0.95 ** (p < 0.001). At 56 d of Cd
stress, no significant difference in Cd accumulation was noticed between root and shoot.

3.3 Cd distribution in different leaves
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The main shoot maintained 5 ~ 6 living leaves during the experimental period, with one emerging leaf,
one senescent leaf, and three mature leaves before 28 d or four mature leaves after 35 d of Cd stress. The
first leaf showed senescent symptoms (yellowing) at 7 d and 14 d and completely dead before 21d of Cd
stress. As the young leaves continuously emerged from the top, the bottom leaf was gradually getting
senescent. At 56 d of Cd stress, the 11th leaf was emerging, and the 6th leaf was getting senescent. In all
eight periodical samplings, Cd distribution among the leaves showed a consistent pattern with the
highest Cd concentration in the senescent leaf, the lowest Cd in the emerging leaf, and gradually Cd
increases with the lower leaf position among the mature leaves (Fig. 3).

3.4 Cd accumulation with leaf development

The higher Cd concentration in the senescent leaf could have resulted from the loss of leaf biomass
during the process of leaf senescence or Cd preferential distribution and accumulation associated with
leaf senescence. In our experiment, Leaf 4 (L4), 5 (L5), and 6 (L6) were continuously monitored for the
changes of leaf biomass, Cd concentration, and accumulation from their emergence to senescence. The
senescent symptom (yellowing) only occurred in 49 d after leaf emerging in all three leaves. In 14 d after
emerging, leaf biomass increased with leaf emerging and development. However, leaf biomass decreased
steadily after 21 d of emerging in all L4, L5, and L6, showing that leaf senescent started much earlier than
its symptom appeared.

Cd concentrations in all three leaves showed the sharp increase with the leaf development and meet the
exponential curve (Fig. 4). The leaf 4 (L4) was: y = 33.0 €905 R2=0.99 ** (n<0.01). The leaf 5 (L5) was:
y=37.7 %04 R2=0.95* (p<0.01). The leaf 6 (L6) was: y = 28.8 206X R2=0.93 ** (p <0.01), while y: Cd
concentration (mg/kg) in the leaf; x: days after its emergence.

Cd amount accumulated in all three leaves also showed the sharp increase with the leaf development
and meet the exponential curve. The leaf 4 (L4) was: y = 0.6 €993 R?=0.75 * (p <0.05). The leaf 5 (L5)

was: y=0.75e00% R2=0.87 ** (p<0.01). The leaf 6 (L6) was: y = 1.0 €204 R2=0.87 ** (p<0.01), while
y: Cd concentration (mg/kg) in the leaf; x: days after its emergence.

A correlation analysis showed that leaf Cd accumulations were significantly increased during the leaf
senescence process (after 21 d of leaf emerging) despite the decline of leaf biomass in all three
monitored leaves (Fig. 5). The exponential curves to describe the relationships of leaf Cd accumulation
and leaf biomass decline are: y = 12.2 " 91X, R2=0.45 ** (p<0.01) for L4,;y =8.1 e %0 R2=0.61 ** (p<
0.01) forL5,and y =24.3 " 908X R2=0.79 ** (p< 0.01) for L6, respectively.

4. Discussion

Tall fescue is a perennial turfgrass species that can provide soil phytoremediation for many years once it
is established (Banuelos et al., 1996; Adamidis et al., 2017). The phytoextraction strategy by harvesting

the dead leaves in tall fescue has many advantages over current phytoextraction methods: (1) It provides
non-stop year-round phytoextraction. Harvesting the dead leaves does not affect the normal growth of tall
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fescue plants (Wang et al., 2019). (2) It does not need to harvest and replant after each phytoextraction
cycle as the general phytoextraction did (Adamidis et al., 2017). The cost and labor for soil plowing,
sowing or transplanting, seedling cultivation, harvesting, and replanting can be saved (Qu et al., 2013). (3)
Great saving the disposal cost of the harmful plant residues harvested from the phytoextraction process.
The dead leaves only accounted for 12.6 ~ 16.3% of the total shoot biomass (Wang et al., 2019), and 6.4
~ 11.6% of the total plant biomass (Luo et al., 2020). (4) The dead leaves of tall fescue can be harvested
by a verti-cutter machine with increasing the blade thickness to 2 mm (Fig. S1). However, the
phytoextraction efficiency of this novel technology depends entirely on the plant capacity of Cd
distribution and accumulation into the dead leaves, which could be associated with its senescent
process.

In this study, we demonstrated stability and consistency of Cd distribution and accumulation into the
senescent leaf in tall fescue in the process of new leaves continuously emerging from the top and the
lower leaves getting senescence throughout the experimental period (Fig. 3). Tall fescue maintained its
normal growth under the Cd stress, which was indicated by the increase of shoot biomass and the stable
4 ~ 5 green leaves per tiller (Fig. 1 and Fig. 3). The removal of dead leaves did not affect the normal plant
growth, because new leaves emerged to compensate for the loss of dead leaves. Our results confirmed
that the Cd phytoextraction strategy by harvesting the dead leaves could provide a non-stop
phytoremediation for the Cd-contaminated soils.

Luo et al. reported that intercropped with Cicer arietinum (2019) and irrigated by magnetized water (2020)
promoted Cd phytoextraction efficiency via increasing the biomass of dead leaves, but no significant
changes in Cd concentrations were found in both the senescent and dead leaves. These results indicated
that the Cd phytoextraction efficiency of harvesting the dead leaves could be further improved by
regulatory methods to promote the leaf senescence and increase the biomass of the senescent and dead
leaves. Our previous study showed that some chelating agents promoted Cd accumulated into the
senescent and dead leaves without significant change of plant growth and leaf senescent process (Wang
et al., 2019), indicating that the Cd phytoextraction efficiency of harvesting the dead leaves could be
further improved by promoting the Cd accumulation during the process of leaf senescence.

Cd is transported from roots to aboveground shoots via xylem mass flow (Uraguchi et al., 2009; Song et
al., 2017). The driving force of this long-distance transportation is transpirational pulling (Yingjajaval,
2013) and root pressure (Tao et al., 2017). Thus, the young and mature leaves with active transpiration
received more nutrients from their long-distance xylem transportation (Broschat & Elliott, 2004; Siebrecht
et al., 2003). In most plant species, Cd is more likely to distribute and accumulate in the active young and
mature leaves than in the senescent and dead leaves (Perronnet et al., 2003; Cao et al., 2014), which
could be explained by the difference in transpirational pulling.

Most nutrients can be reused in plants, and they can be decomposed and transported out to the active
plant parts for their reuse when the leaves get into senescence (Avila-Ospina et al., 2014; Maillard et al.,
2015; Have et al., 2017). Most decomposed nutrients are transported and redistributed via the phloem

Page 6/18



pathway (Achat et al., 2018; Ding et al., 2019). Only a few non-reusable mineral nutrients cannot be
transported out from the senescent leaves and resulted in a higher accumulation in the senescent leaves
than that in the younger leaves (Chen et al., 2016; Shao et al., 2018).

Cd is very toxic to plant tissues (Choppala et al., 2014). Currently, no evidence showed that Cd could be
redistributed and transported out when leaves get senescence (Ismael et al., 2019). The partition of
transpiration flow could explain the higher Cd accumulation in the young and mature leaves via the xylem
pathway in most plant species. Some previous studies reported that the older leaves accumulated double
Cd concentrations than the younger leaves in Schinus molle (Pereira et al., 2017), Brassica juncea (Ru et
al., 2004), and Brassica napus (Wang and Su, 2005). Their double Cd concentrations in the older leaves
could be contributed by leaf biomass loss or Cd redistribution during the leaf senescent process.
Mendoza-Cdzatl et al. (2008) found that Cd could be transported as PC-Cd and GSH-Cd complexes via
phloem from source to sink in Brassica napus. Fujimaki et al. (2010) also reported that Cd was
transferred from the xylem to phloem in the basal nodes and then transported to the grains at the grain-
filling stage in rice. Our previous study found that Cd fluorescence was only located in the xylem part of
vascular bundles and no Cd fluorescence was observed in the phloem part of tall fescue (Dong et al.,
2017), indicating that Cd accumulation in the leaf of tall fescue was a one-way process. Cd could be only
pumped in via the xylem pathway, not redistributed out via the phloem pathway.

In tall fescue, the senescent and dead leaves accumulated over ten times of Cd concentration than that in
the emerging leaves (Fei et al., 2018; Wang et al., 2019). In this paper, we found that both Cd
concentration and amount were exponentially increased with the leaf aging, despite the decreases of the
leaf biomass during the process of leaf senescence (Fig. 4). The exponential increases of leaf Cd amount
in all three monitored leaves demonstrated that leaf Cd accumulation was significantly associated with
its senescence process. Our data elucidated the dynamics of leaf Cd accumulation during its senescence
in tall fescue. Leaf Cd was actively accumulated and the external Cd was continuously inputted to the
senescent leaves during their senescent process, which well explained why the highest Cd accumulation
was found in the dead leaves (Fei et al., 2018; Luo et al., 2019; Wang et al., 2019; Luo et al., 2020). Further
researches should focus on the regulatory mechanism of Cd accumulation in the process of leaf
senescence. Phytoextraction efficiency by harvesting dead leaves could achieve by encouraging more Cd
input during leaf senescence and higher Cd accumulation in dead leaves in tall fescue.

5. Conclusion

The tall fescue plant maintained normal growth under 75 pM of Cd stress. Cd was preferentially and
consistently accumulated in the older leaves throughout the whole experimental period. Individual leaf
monitoring showed that leaf Cd was exponentially increased during the leaf senescent process, despite
the leaf biomass loss. Our results indicated that leaf Cd accumulation was significantly associated with
the leaf senescence in tall fescue. The highest Cd accumulated in the dead leaves was contributed by the
continuous Cd input during their senescent processes. These results provide insights into the relationship
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between Cd accumulation and leaf senescence and lay a foundation for the regulatory mechanism to
improve the phytoextraction efficiency by harvesting dead leaves in tall fescue.
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Figure 2

Dynamic of Cd accumulations in shoots and roots under the Cd stress. Shoot Cd accumulation shows a
sharp increase which meet a exponential curve: y = 6.0 €0.04x, while y: shoot Cd accumulation (ug/plant);
x: days under the Cd stress. R2 = 0.95 ** (p < 0.01). Root Cd accumulation shows a sharp increase before
the 35 d but remains at relatively stable level after 42 d of Cd stress, which meet a equation:y =-3.2 +
3.9x - 0.08x2 + 0.0006x3, while y: root Cd accumulation (ug/plant); x: days under the Cd stress. R2 = 0.96
** (p<0.01).
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Figure 3

Cadmium concentrations in the different leaves after 7d, 14d, 21d, 28d, 35d, 42d, 49d, and 56d of the Cd
stress. Leaf position refers to the position of leaves on the main stem from the base. l: the emerging

leaf; l: the mature leaf; W: the senescent leaf. Different low case letters represent the significant
differences among the leaf positions (LSD 0.05).
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Figure 4

Leaf Cd accumulation during its development under the Cd stress. L4, L5, L6 are the 4, 5, and 6 leaves
that emerged from the main stem of tall fescue (from the base). A: Leaf Cd concentration changes after
its emergence. Cd concentrations in all three leaves showed the sharp increase with the leaf development
and meet the exponential curve. The leaf 4 (L4) was: y = 33.0 €0.05x, R2 = 0.99 ** (p < 0.01, n=24). The
leaf 5 (L5) was:y = 37.7 €0.04x, R2 = 0.95 ** (p < 0.01, n=24). The leaf 6 (L6) was: y = 28.8 €0.06x, R2 =
0.93 ** (p < 0.01, n=24), while y: Cd concentration (mg/kg) in the leaf; x: days after its emergence. B: Leaf
biomass changes after its emergence. C: Leaf Cd accumulation changes after its emergence. Cd
accumulations in all three leaves showed the sharp increase with the leaf development and meet the
exponential curve. The leaf 4 (L4) was: y = 0.6 €0.03x, R2 = 0.75 * (p < 0.05, n=24). The leaf 5 (L5) was: y
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=0.75e0.04x, R2 = 0.87 ** (p < 0.01, n=24). The leaf 6 (L6) was: y = 1.0 e0.04x, R2 = 0.87 ** (p < 0.01,
n=24), while y: Cd concentration (mg/kg) in the leaf; x: days after its emergence.
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Figure 5

Leaf Cd accumulations associated with leaf senescence (biomass decline) under the Cd stress. L4, L5, L6
are the 4, 5, and 6 leaves that emerged from the main stem of tall fescue (from the base). A: Leaf Cd
accumulations sharply increased associated with the leaf biomass decline and meet the exponential
curve in all three leaves. @: Leaf 4: Cd accumulation increase associated with the leaf biomass decline
can be described as: y = 12.2 e-0.1x, R2 = 0.45 ** (p < 0.01, n=20); @: Leaf 5: Cd accumulation increase
associated with the leaf biomass decline can be described as: y = 8.1 e-0.05x, R2 = 0.61 ** (p < 0.01,
n=20); @: Leaf 6: Cd accumulation increase associated with the leaf biomass decline can be described
as:y = 24.3 e-0.08x,R2 =0.79 ** (p < 0.01, n=20). BiThe linear relationship between leaf Cd
concentraction and amount of leaf accumulation can be described as:y = 0.015x +0.43, R2 = 0.79** (p <
0.01, n=20).

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e Supplementary20210719.docx

Page 18/18


https://assets.researchsquare.com/files/rs-760936/v1/aca88c11aa58dde3bc57ca71.docx

