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Abstract

The study was to identify the potential tolerance of Crotalaria juncea to diclosulam uptake and translocation and its effects
on the physiological metabolism of plants. Two experiments were carried out; [—Evaluation of uptake and translocation of
1C-diclosulam (35 g a.i. ha™!) in C. juncea, at seven and 14 days after emergence. [I—Evaluation of chlorophyll a transient
fluorescence of dark-adapted C. juncea leaves when applied diclosulam in pre-emergence. Plants of C. juncea presented an
anatomical/metabolic barrier to diclosulam translocation in the stem, which may confer tolerance to this herbicidal, besides
reduced translocation due to low accumulation in the cotyledons. In addition, plants can maintain photosynthetic metabolism
active when growing in soil with diclosulam by not changing the dynamics of energy dissipation. Thus, when cultivated in

soil with residual of diclosulam, C. juncea can tolerate the herbicide to maintain plant growth.
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Herbicides are an integral component of global agriculture
used to control weeds, though herbicide applications may
impose stress on registered crops (Kopsell et al. 2011).
Among the herbicides, diclosulam is used in pre-emergence
for the control of weeds in commercial crops (Braz et al.
2017). Diclosulam, from the triazolopyrimidine sulfonani-
lide chemical family, is a selective herbicide recommended
for the control of dicot weeds in soybean, which acts by
inhibiting the enzyme acetolactate synthase (ALS) (Hanley
and Billington 2001). However, this herbicide, when applied
in soybean, under a rotation system, can cause injury to sub-
sequent crops, such as maize, due to its residual activity in
soil (Karavangeli et al. 2005).
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Understanding the movement and fate of herbicides in
soils is an important step in limiting their environmental
impacts (Carabias-Martinez et al. 2000) and, therefore,
allows the use of techniques that promote the rapid degra-
dation of herbicides in agricultural soils after cultivation,
such as plants with potential to survive in between the crops
rotation system. The use of tolerant plants in a context of
agricultural production reduces the persistence of high
residual herbicides in the soil, minimizing damage to sub-
sequent crops, soil and groundwater (Ramborger et al. 2017),
besides reducing the area release time for planting, in suc-
cession with plant species that are not tolerant to persistent
compounds.

Herbicide after uptake can be metabolized in plants
through conversion, conjugation, and compartmentalization
which decreases the phytotoxic effects in plants capable to
deal with them (Siminszky 2006). The phytotoxic effect of
diclosulam is due to ALS inhibition which causes branched-
chain amino acids deficiency (valine, leucine, and isoleu-
cine), and lead to a decrease in DNA and protein synthesis
(Tan et al. 2005), which adversely affects the dynamic dis-
sipation of the photosynthetic energy (Dayan and Zaccaro
2012). Moreover, chlorophyll fluorescence measurements
have become an effective and widely adapted technique to
access herbicide-induced photosynthetic stress on different
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crop species (McCurdy et al. 2008; Kocurek et al. 2009;
Silva et al. 2009; Dayan and Zaccaro 2012).

Crotalaria juncea (L.) is commonly cultivated as fodder
or for fiber production (Sadhukhan and Sarkar 2016). Char-
acterized as green manure due to its ability to return large
amounts of nitrogen to the soil through a symbiotic asso-
ciation with bacteria (Sadhukhan et al. 2018), makes this
plant desirable for cultivation. In this view, no studies have
been reported regarding uptake and translocation of diclo-
sulam herbicide by C. juncea in plant tissues. Therefore, the
aim of this study was to identify the diclosulam herbicide
uptake and translocation and its effects on biochemical and
physiological metabolism of C. juncea cultivated in soil with
residual of diclosulam herbicide.

Materials and Methods

Two experiments were carried out twice to evaluate: uptake
and translocation of diclosulam herbicide in C. juncea
(I); and physiological responses of C. juncea in response
to diclosulam herbicide application (II). Experiment I:
14C-diclosulam herbicide uptake and translocation experi-
ment: The experiment [ was carried out with C. juncea plants
grown in a greenhouse under natural light (~ 1000 umol pho-
tons m~> s~ 1) and temperature conditions (30 +5°C). Seeds
of C. juncea were sowed in 1 dm? pot containing soil [Pla-
nosol soil (Santos et al. 2015), containing 67% clay, 9% silt,
24% sand)], without a history of herbicide use and taken
from a depth of 0-20 cm for the plantings.

14C-diclosulam (>99% radiochemical purity) preparation
was performed according to Nandula and Vencill (2015), by
using the labeled herbicide based on the commercial rec-
ommended doses of non-labeled herbicide (35 g a.i. ha™h),
to get final radioactivity in the work solution of 4.489.333
dpm. Each pot was constituted by two layers of soil (above
described) as following: the lower layer was composed of
500 g of soil (without herbicide) and the upper layer by 30 g
of soil containing the '“C-diclosulam. The seeds were sowed
in the middle of both layers and afterward, water was added
sufficiently to reach the field capacity to homogeneously
redistribute the herbicide in the whole pot. After seedling
emergence, one plant was kept and watered daily to keep the
field capacity of the soil at 80%. At seventh and 14th days
after the emergence, the seedlings were harvested to analyze
the uptake and translocation of the labeled diclosulam.

Autoradiography image analysis: To perform autoradi-
ography, the plants were removed from the pots, washed
and dried in a forced circulation oven at 40°C until reach-
ing a constant mass. After drying, plants were placed in
an X-ray film and analyzed in an autoradiographic detec-
tor (Cyclone Plus PerkinElmer’s Storage Phosphor System
with the OptiQuantTM program), according to (Crafts and

Yamaguchi 1964). Radioactivity measurements: To quan-
tify the total herbicide that was not uptake by C. juncea
plants, the water, and soil remaining after the harvesting
of plants were analyzed. Water was kept resting to collect
the solid and after that, water was centrifuged (4000xg
for 10 min). The solids of both, resting water and centrifu-
gation were added to the remaining soil portion and the
supernatant was saved for analysis. An aliquot from the
supernatant quantified in a liquid scintillation spectrom-
eter (Liquid Scintillation Analyzer 1600 TR from Packard
Instruments Company Inc).

The soil portion was dried at room temperature and
ground. Three replicates of 0.2 g were removed from each
soil sample and burned in the biological oxidizer OX 500 to
quantify the remaining herbicide. The samples were burned
for 3 min in the presence of oxygen, resulting in 14C02,
which was captured by a scintillation solution containing
ethanolamide (CO, fixing solution). The radioactivity of the
scintillation solution was quantified in a liquid scintillation
spectrometer (Liquid Scintillation Analyzer 1600 TR from
Packard Instruments Company Inc).

To quantify the total herbicide that was absorbed by C.
Jjuncea, plants were divided into groups of leaf, stem, and
root to quantify the radioactivity present in the tissues. These
parts were previously weighed and then burned in the bio-
logical oxidizer OX 500. As described above, the scintil-
lation solution resulting from the combustion of the plants
was quantified in a liquid scintillation spectrometer (Liquid
Scintillation Analyzer 1600 TR from Packard Instruments
Company Inc). The radioactivity present throughout the
plant was considered absorbed and the radioactivity pre-
sent in each tissue of the plant (leaf, stem or root) compared
to the total absorbed radiation was considered translocated
radiation (Fadin et al. 2018).

Experiment II: Physiological responses of C. juncea
to diclosulam: The experiment II was carried out with C.
Jjuncea plants grown in a greenhouse under natural light
(~ 1000 umol photons m~2 s~!) and temperature conditions
(30 +5°C). Seeds of C. juncea were sowed in 1 dm® pot
containing soil [Planosol soil (Santos et al. 2015), containing
29% clay, 7% silt, 64% sand)], without a history of herbicide
use and taken from a depth of 0-20 cm for the plantings.

The seeds were sowed, and, before emergence, the her-
bicide was applied (pre-emergence application) using a
CO, pressurized backpack sprayer equipped with four
XR-110.015 flat-fan nozzles at a pressure of 280 kPa and a
speed of 3 km h™!, delivering an application volume of 150
L ha™!. The treatments consisted of doses of diclosulam her-
bicide: 35 g a.i. ha™' (recommended dose); 70 g a.i. ha™! and
untreated plants (without herbicide). After seedling emer-
gence, one plant was kept per pot and watered daily to keep
the field capacity of the soil at 80%. The experimental design
consisted of four replicates in a fully randomized design.
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Chlorophyll a fluorescence transients measurements:
Chlorophyll a fluorescence transients were measured in a
dark-adapted leaf of C. juncea plants with a Handy-PEA
fluorimeter (Plant Efficiency Analyser, Hansatech Instru-
ments Ltd, UK). Eight measurements were done in each
treatment of intact young leaves (fully expanded the first
leaf) still attached to the plant and kept in the dark for at
least 30 min. The polyphasic fluorescence rise, OJIP, was
induced by one saturating red-light flash (peak at 650 nm)
with 3.000 pmol photons m~2 s~! and measured during the
first second of illumination (10 us to 1 s). The OJIP fluores-
cence transients were calculated as described by Strasser
et al. (2004) and Tsimilli-Michael and Strasser (2008). The
JIP-test was also applied for the analysis and comparison
of the OJIP transients by using normalizations and subtrac-
tions. In addition, difference kinetics from relative variable
fluorescence data were also calculated according to Yusuf
et al. (2010).

Results and Discussion

The radioactivity image and digital image of C. juncea cul-
tivated in the soil for 7 and 14 days with '*C-diclosulam
herbicide are shown in Fig. 1. The darkness regions in
plants (Fig. lc, d), indicate the presence of radiolabelled

7 DAE

14 DAE

diclosulam. Most of the absorbed diclosulam is highly accu-
mulated in the crown area of the stem (lower portion of the
stem). In addition, part of the uptake diclosulam is translo-
cated to the shoot and accumulated in the cotyledons. The
translocation increases over the time from stem to the coty-
ledons leading to a more accumulation in the cotyledons at
14th day (darker tissue) as shown by the radiolabelled image.

The uptake of diclosulam by C. juncea is low (less than
1%) compared to the total of the recovered radioactivity
(~99%), being the most part of it (95%) remaining in the soil
(Fig. 1e). When the herbicide is applied to the soil, it is usu-
ally obtained high recovery values in the medium (Florido
etal. 2014). Walls et al. (1993), investigated the effect of the
application of radiolabelled imazaquin in pre-planting (PPI)
and directly on the leaf in the absorption of diclosulam in
tobacco and get recovery of imazaquin in plant around 7%
to 8%. However, when the herbicide is applied to the leaf,
up to 90% of the herbicide is recovered in the plant. The low
differential uptake shows that plants may exhibit a different
mechanism of uptake and translocation, as observed in C.
Jjuncea.

After absorbed, the most part of the herbicide is trans-
located from root to the shoot and accumulated mainly in
the stem and leaf (~50% and 30%, respectively; Fig. 1f, g).
From the total absorbed herbicide (Fig. 2e), the most part
of the diclosulam is absorbed at the initial development
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Fig.1 Digital (a and b), autoradiograph (c and d) images and '“C-diclosulam radioactivity recovery (e) translocated and accumulated in plant
tissues (f and g) of C. juncea at 7 and 14 days after emergence (DAE). Values represent the mean +SD
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Fig.2 Chl a fluorescence transients of dark-adapted leaves of C.
juncea grown in soil with diclosulam herbicide for 7 and 14 days.
a, b Photosynthetic parameters deduced by the JIP-test analysis of
fluorescence transients normalized using as reference the control. ¢,
d Relative variable fluorescence between the steps O and P (W,) on
logarithmic time scale; e, f Relative variable fluorescence between
the steps O and I (Wg;; on logarithmic time scale); g, h relative vari-
able fluorescence between the steps I and P (Wyp) and W, in the

stage, within seven days after emergence (90%), being the
uptake highly reduced from 7th to the 14th day after emer-
gence (Fig. 2f), with the increase in the translocation from
the root to the shoot over the time (Salihu et al. 1998).
Besides that, after absorbed the herbicide translocation can
be affected by several conditions, such as growth stage,
photosynthesis rate and environmental conditions (Pester
et al. 2001).

Time (ms)

Time (ms)

insert; i, j relative variable fluorescence between the steps O and J
(Wgy; left vertical axis and graph with symbols) and average kinet-
ics (right vertical axis and graph without symbols) depicted between
the steps O and J (AW,,)), revealing the K-band; k, 1 relative varia-
ble fluorescence between the steps O and K (Wq; left vertical axis
and graph with symbols) and average kinetics (right vertical axis and
graph without symbols) depicted between the steps O and K (AW),
revealing the L-band. ms milliseconds

Several works have reported differential translocation
of herbicides throughout the plant tissues, such as glypho-
sate (Nandula and Vencill 2015; Fadin et al. 2018), atrazine
(Wehtje et al. 2007), and imazaquin (Florido et al. 2014), a
pre-emergence herbicide ALS-inhibitors, showing to have
differential translocation in Canavalia ensiformis. However,
no report has demonstrated the translocation and concen-
tration of any herbicide on plant crown area of the stem
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(Fig. 1), which might be a mechanism of C. juncea toler-
ance to diclosulam, though further investigation is needed.
Diclosulam tolerance mechanism was showed in soybean
and peanut as a limitation in translocation from its site of
action in the apical meristem of plants (Senseman 2007).

ALS-inhibiting herbicides are widely used because of
their low dose rate, sound environmental properties, low
mammalian toxicity, wide crop selectivity and high efficacy
(Tan et al. 2005). The enzyme ALS is present in chloroplasts,
mainly in young tissues of the plant, where meristematic tis-
sues predominate (Senseman 2007). The autoradiographs
of C. juncea demonstrate that translocation of diclosulam
is impeded to reach the shoot where the apical meristem
is located. In view of this, the presence of an anatomical/
metabolic barrier to translocation of diclosulam in the crown
area of the stem may operate to give tolerance to diclosulam
(Fig. 1). It is noteworthy to emphasize that the tolerance of
this species is not related to phytoremediation properties
since low uptake from the total isotopes was showed in plant
tissues. However, phytostimulation might induce metabolic
alterations, since radioactivity was recovered in each tissue
(Fig. 2f, g), and no reduction in the amount of the herbicide
in the soil (radioactivity), was uptake showing no phytoex-
traction capacity.

The biophysical fluorescence transients depicted in
Fig. 2a and b show the JIP-test to deduce functional and
structural parameters of the photosynthetic behavior of C.
Jjuncea subjected to different doses of diclosulam herbi-
cide (energy distribution in the photosynthetic apparatus)
(Strasser et al. 2004). All parameters (doses: 35 and 70)
were normalized to their respective untreated one. The
sequence of parameters, referring to the sequential energy
transduction indicated per RC (Reaction Centre), showed
an increase in the reduction of the end electron acceptors
at the PSI acceptor side (RE(/RC) increased mainly in the
dose 70 while the energy dissipated as heat per RC (DIy/
RC) decreased, leading to an increase in the performance
indexes (PI) upon 7 days. The increase in both, the per-
formance index (potential) for energy conservation from
exciton to the reduction of intersystem electron accep-
tors (PI,g¢) and performance index (potential) for energy
conservation from exciton to the reduction of PSI (pho-
tosystem I) end acceptors (Pl,,,,), indicate an increase in
the functionality of the electron transport chain of plants.
In an opposite way, the performance index decreased in
plants upon 14 days (Fig. 2b). Increases were in the energy
fluxes for (light) absorption [ABS/RC; which measures
the apparent antenna size (total absorption or total Chl per
active RC)], electron trapping (ETy/RC; which measures
the energy trapping flux per active RC, able to lead a qui-
none A (Q,) reduction), electron transport flux (further
than Q}) per RC (ECy/RC) and electron flux reducing end
electron acceptors at the PSI acceptor side per RC (ETy/
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RC). Regarding quantum yields and efficiencies, no signif-
icant differences in maximum quantum yield for primary
photochemistry (¢pPo), was observed in C. juncea plants
in all doses of diclosulam herbicide and neither upon the
period of analysis. On the other hand, on the 7th day, and
on the 14th day, increase and decrease, respectively, was
observed for quantum yield for reduction of end electron
acceptors at the PST acceptor side (RE) (¢pRo), in a similar
way of performance indexes.

Chl a fluorescence transients in Fig. 2c-1, exhibited a
typical polyphasic Chl a fluorescence OJIP (W) transients
(the Osp,6 Jomss I3oms> and Py steps are marked in the plot),
rising from initial fluorescence (F) to maximum fluores-
cence (F,,). However, a slight decrease in fluorescence was
observed in plants subjected to both doses of diclosulam
herbicide (35 and 70), showed by a decrease in the curves
of relative variable fluorescence at the J- and I-steps (2 and
30 ms, respectively) upon 7 days (Fig. 2¢). The normali-
zation between the steps O and I (W), did not affect the
events from exciton trapping by PSII up to plastoquinone
(PQ) reduction (Fig. 2e, f). On the other hand, Fig. 2g and
h (with its respective insert graphs) shows an increase
in the sequence of events from the PSI-driven electron
transfer to the end electron acceptors on the PSI acceptor
side, starting at PQH, (plastoquinol) (Wp), upon 7 days
all doses compared to untreated plants while, a decrease
in Wy, was showed by plants after 14 days. The kinetics
evaluations revealed the presence of L-band (AW) and
K-band (AWy)). Positive K-band after 14 days of emergence
(Fig. 2j), could mean that the oxygen-evolving complex
(OEC) becomes leaky and offers access to non-water elec-
tron donors evidenced by a decreased reduction rate of qui-
none (Q,), the primary electron acceptor of PSII, from Q,
to Qj. The absence of positive L-band (Fig. 2k, 1), indicates
the maintenance of the energetic connectivity and efficient
consumption of the excitation energy and stability of the
system upon diclosulam treatments.

Diclosulam is a soil-applied acetolactate synthase (ALS)-
inhibiting herbicide which results in a blockage of the syn-
thesis of branched-chain amino acids (valine, leucine, and
isoleucine). The phytotoxic effect of diclosulam is caused by
a deficiency of these amino acids, leading to a decrease in
DNA and protein synthesis, which adversely affects cellular
division and photosynthate translocation to growing points
(Tan et al. 2005).

The high photosynthetic performance indexes (PI,
Fig. 2a) evidenced at the 7th day after emergence in leaves of
C. juncea may be the result of high uptake and translocation
of diclosulam in the tissues (Fig. 1), over this time to metab-
olize the herbicide molecule. The following decline in the
uptake and translocation of the diclosulam from root to shoot
up to 14 d after emergence also coincides with a decline in
photosynthetic performance indexes of plants and with an
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increase in energy dissipation as heat (DI/RC), changing the
dynamic dissipation of the photosynthetic energy.

To support the hypothesis that high initial uptake and
translocation of diclosulam is associated with high photo-
synthetic efficiency to metabolize and transport the herbi-
cide through the tissues of C. juncea, fluorescence data were
normalized between the steps O (50 ps) and I (30 ms) and
presented as relative variable fluorescence (W), where was
evidenced an increase in the sequence of events from exciton
trapping by (photosystem II) PSII up to plastoquinone (PQ)
reduction (O-I phase; W from O to 1; Fig. 2f). No decline
in ET/RC helps to maintain the PSI-driven electron trans-
fer to the end electron acceptors on the PSI acceptor side,
starting at PQH, (plastoquinol) (I-P phases; W;> 1, insert
graph in the Fig. 2h). In the main plot (Fig. 2h), fluorescence
normalized as I-P phase, the reduction of the end electron
acceptor was higher in plants treated with diclosulam com-
pared to untreated one, which may lead to an increase in
NADPH and ATP production (the insert graph), to keep the
metabolism of C. juncea functioning.

Maintenance of the energy connectivity of PSII [indicated
by the absence of a marked positive L-band; normalized
between the steps O (50 ps) and K (300 ps), as Wy ; Fig. 2Kk,
1], implies in keeping the system stability and energy utili-
zation efficiently with absorbed energy dissipation between
PSII units (Tsimilli-Michael and Strasser 2008). The pres-
ence of positive K-band [normalized between the steps O
and J (2 ms), as W] in C. juncea plants (Fig. 2i, j), reflects
either an increase of the functional PSII antenna size, and/or
an inactivation of the oxygen-evolving complex (Yan et al.,
2013), as evidenced by an increase in ABS/RC upon 14 days
of diclosulam treatment.

Damage to the oxygen-evolving complex leads to an
imbalance in the energy flux in PSII, increasing the time
of excited states of chlorophyll molecules from the reaction
center of the photosystem, which increases the probability of
singlet oxygen formation and, consequently photooxidative
damage (Foyer et al. 2017). The increase in ET/RC associ-
ated to low PI is due to the blockage in electron transport
chain (ETC), which allows electron leakage and may allow
reactive oxygen species (ROS) production, once there is
an increase in TRy/RC (Fig. 2). Although K-band showed
problems in the oxygen-evolving complex, connection and
stability between the PSII units indicated that the function-
ing of the photosystems was maintained.

Therefore, plants of C. juncea have a barrier to the trans-
location of diclosulam herbicide in the crown area of the
stem, which may give to the plant tolerance to this molecule.
In addition, plants can maintain photosynthetic metabolism
active when growing in soil with diclosulam by not changing
the dynamics of energy dissipation. Thus, when cultivated in
soil with residual of diclosulam, C. juncea can tolerate the
herbicide to maintain plant growth.
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