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ABSTRACT - The objective of this research was to identify the existence of root
exudation of organic acid in Lotus corniculatus germplasms subjected to toxic
aluminum (Al) levels and investigate the effect of this mechanism on the Al content
in the root tissue and in morphological parameters of plant development. Two
experiments were performed in nutrient solution to evaluate the Al accumulation and
exudation of organic acids, using cultivars INIA Draco and Sao Gabriel and genotypes
UFRGS and UF-T2. The plants were cultivated in Al-free solution, which was applied
on the 45th day in half of the pots of each genotype. Root exudation was highly
correlated with the reduced accumulation of Al in the root tissue (r?= 0.75 at 72 h).
Genotype UF-T2, selected for Al tolerance, extruded 80% more oxalic acid in the
presence of Al compared with the other germplasms, indicating that this mechanism is
involved with Al tolerance in L. corniculatus. This experiment showed strong evidence
that L. corniculatus exhibits Type I tolerance, in which anionic channels are rapidly
activated by Al exposure. Exudation of oxalic acid is likely a crucial mechanism that
allows the maintenance of L. corniculatus growth when exposed to toxic Al conditions,
and this characteristic should be used to identify tolerant genotypes in the future.
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1. Introduction

Aluminum (Al) toxicity has been identified as the main factor responsible for decreased yields in
acidic soils, and has been estimated to reduce plant growth in ~30-40% of arable land in tropical
and temperate regions (Meena et al., 2019). In soils with pH<5.0, Al toxicity may be the most limiting
factor for plant growth (Singh et al,, 2017).

Mechanisms triggered by exposure to Al toxicity involve its interaction with the symplasm, plasm
membrane, and root cell wall (Wang et al., 2021). Excess Al in soil solution can interfere with physiological
processes, which include nutrient absorption, enzymatic activities, DNA replication, and cell division
and inhibition of root function, which decreases the volume of soil explored for water absorption and
nutrients, thus decreasing potential production (Bojérquez-Quintal et al., 2017).

During the evolutionary process, plants develop several strategies to reduce the consequences of Al
toxicity on growth. These mechanisms can be divided into Al exclusion mechanisms that prevent Al
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entering root cells and Al tolerance mechanisms in which Al enters root cells and is detoxified and
sequestered into vacuoles or other organs in roots and/or shoots (Zhang et al., 2019). To prevent AI>*
ions from entering root tip cells, many plants secrete organic acids from the root tip in response to Al
stress. Citrate, oxalate, and malate are examples of anions that can form stable complexes with AI3*,
thereby protecting plant roots (Yang et al., 2019).

In pastures, low capital investment in the systems makes the application of lime and fertilizers
difficult and expensive. In these cases, the introduction of Al-tolerant species could improve the
production of forage biomass and profit while minimizing financial costs. The total annual yields of
pastures that contain a greater proportion of legumes are generally higher than grass monocultures
(Gultekin et al.,, 2021). Lotus species are recognized for their tolerance to acid soils and low natural
soil fertility (Escaray et al., 2012), and in South America, legumes are currently being more widely
adopted as an alternative to improve the quality and quantity of pasture in regions with acid soils
(Kapp-Bitter et al,, 2021). The objective of this research was to identify the existence of root exudation
of organic acid in L. corniculatus germplasms subjected to toxic Al levels and investigate the effect of this
mechanism on the Al content in the root tissue and in morphological parameters of plant development.

2. Material and Methods

Two experiments were carried out in Porto Alegre, Rio Grande do Sul, Brazil (30°04'13.1" S and
51°08'26.3" W). In the first experiment, treatments included two commercially available Lotus
corniculatus cultivars (INIA Draco and Sao Gabriel) and a population of L. corniculatus (UFRGS).
Medicago sativa was included as an Al-sensitive control. Seeds were germinated on moistened paper
towels, and 15 days after the germination, plants were transplanted into 0.3-L polystyrene containers
with 200 mL of nutrient solution with the following composition (in mmol/L): 0.7 NH,NO,; 0.7 K,SO,;
0.1 KCI; 2.0 Ca(Nog)z; 0.5 MgS0,; 0.1 KH,PO,; and in pmol/L: 1.0 H,BO,; 0.5 MnSO,; 1.0 ZnSO,;
0.2 CusO,, 0.1(NH,) ,Mo.0,,, and 0.2 FeCl,.

24

There were six replicates of each genotype, with seven plants sown in each pot. Seedlings were
carefully transplanted and fixed into the cap of the container. Each pot was continuously aerated by an
“aquarium pump”. Plants were grown for 45 days, and nutrient solution was added every three days.
pH was adjusted daily to 4.2, taking care not to damage the roots. When necessary, distilled water
was added to containers between each nutrient solution application to replace the water lost due to
evapotranspiration. Plants were artificially illuminated with lamps (type HQI 150W and 4.500 lux) for
a 16-h photoperiod. Photosynthetically active radiation was measured with a LI-6300 photometer at
~400 pmol m2 s,

From the 45th day, 200 pM of Al were added to the nutrient solution applied to three replicate pots
of each genotype. No Al was added to the other three pots. Over the next five days, nutrient solution
was not added, but all other conditions and management remained the same as prior to the addition
of Al. At 24, 72, and 120 h after Al addition, nutrient solution was sampled for the analysis of organic
acid exudation. At each sampling event, the plants were carefully removed, and nutrient solutions
were homogenized. Two milliliters of nutrient solution were collected from each pot, quickly cooled
to 4 °C, and immediately analyzed by high-pressure liquid chromatography (HPLC Waters 2690,
Milford, MA, USA).

Oxalic, citric, and malic acids were quantified, but only oxalic acid was exudated in concentrations above
the detection limit. Identification of oxalic acid occurred by comparing the retention time of samples to
the times of standards. Exudation was evaluated by comparing the areas of root tips of these samples to
the area curve. After the third sampling (120 h), plants were harvested. Dry matter yield of the shoots
(SDM) and roots (RDM), root volume (RV), root length (RL), and plant height (H) were recorded.

The experiment was repeated to confirm results. In addition to previously evaluated genotypes,
in Experiment 2, we also evaluated the Al response of genotype UF-T2 (the F, generation was a
germplasm selected for tolerance to Al). In the second experiment, only the exudation of oxalic acid was

R. Bras. Zootec., 51:¢20210105, 2022



Root exudation of oxalic acid in Lotus corniculatus in response to aluminum toxicity
Santos et al.

evaluated, using the same periods and conditions described in Experiment 1. After the evaluation, pots
were harvested and separated into shoots and roots. Samples were dried in forced-ventilation oven at
65 °C until constant weight. The Al content in the root tissue samples was determined through nitric
acid digestion followed by optical emission spectrophotometer reading (He et al., 2015).

Both experiments were completely random designs with three replicates per treatment, wherein each
pot constituted one replicate. Each experiment was analyzed separately with SAS software (Statistical
Analysis System, version 8.0). Morphological parameters were analyzed in a factorial germplasm x AL
Oxalic acid exudation was analyzed in a factorial of treatments (germplasms with and without Al) x
time after exposure to Al. Correlation analysis was performed between Al accumulation in the root
tissue and root exudation of oxalic acid at the three observation times evaluated. The magnitudes of
correlation coefficients were classified according to Silveira et al. (2021).

Analysis of variance (ANOVA) was conducted. Treatment means were separated by Tukey’s test, at a
5% probability, when F test was significant. We used the following mathematical model:

Yij Sut Gi tey

in which Y, is the value of treatment of the j-th pot, evaluated in the i-th genotype; p is the grand
mean; G, is the fixed effect of the i-th treatment; and e, is the experimental error associated with
the Yi]. observation.

3. Results

There was a significant effect of Al (P<0.01) and a difference among the germplasms evaluated (P<0.05)
for Experiment II. The Al content in roots was < 150 mg kg™! of tissue (Figure 1). However, after 120 h
of Al exposure, the Al content increased in all genotypes. The highest concentration of Al was found in
cv. INIA Draco (4533 mg kg™ tissue), which was 37% more than in the UFRGS genotype (3303 mg kg™
tissue), which had the least amount of Al uptake among the Al-exposed plants. The cv. Sdo Gabriel had
an intermediate Al content (3800 mg kg™ tissue).

Oxalic acid exudation patterns showed a significant difference among evaluated germplasms (P<0.01)
for the presence or absence of Al (P<0.01) and for the Al exposure period (P<0.01). Overall, the
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Lowercase letters differentiate genotypes in each Al concentration by Tukey’s test (5%). (Experiment II).

Figure 1 - Aluminum (Al) content in root tissue of three Lotus corniculatus genotypes cultivated in nutrient
solution, in the presence and absence of 200 pM of Al measured 120 h after exposure.
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exposure to Al increased the root exudation in all germplasms evaluated in both experiments. The two
commercial cultivars and the population of L. corniculatus evaluated released more oxalic acid than
alfalfa at all three sampling times after exposure (Table 1). In the second experiment, the Al-tolerant
UF-T2 showed oxalic acid exudation superior to all other treatments (Table 1).

As expected, there was no difference among the germplasms for oxalic acid exudation for treatments
not exposed to Al with minimal levels identified in the solution (exudation <4 mmol g-! of RDM) in both
experiments, including the Al-tolerant genotype (UF-T2).

Addition of Al affected the root exudation of genotypes differently in both experiments. Following
the same pattern of L. corniculatus genotypes evaluated for Al accumulation in root tissue, the UFRGS
population had high average oxalic acid levels of 15 mmol g! of RDM (Experiment 1; Table 1) and
11 mmol g! of RDM (Experiment 2; Table 1). Sdo Gabriel had average oxalic acid levels of 12 and
7.5 mmol g of RDM, while INIA Draco had the lowest levels of oxalic acid, 10.5 and 6.0 mmol g!
of RDM for Experiments 1 and 2, respectively. Although alfalfa increased oxalic acid exudation in
the presence of Al, the mean oxalic acid level measured in the solution was < 7.5 mmol g of RDM
(species evaluated in Experiment 1 only). In the second experiment, the Al-tolerant UF-T2 genotype
had exudation superior to all other germplasms (Table 1). The exudation was twice that of UFRGS
and S3o Gabriel genotypes and three times more than that extruded by INIA Draco. This greater
exudation may be related to a higher frequency and magnitude action of the anionic channel of the
plasmatic membrane.

Root exposure to Al during the first two evaluation periods (24 and 72 h after Al exposure) in Experiment
1 and in the first evaluation (24 h) of Experiment 2 showed higher levels of oxalic acid compared
with the final evaluation (120 h after Al exposure). At the last evaluation, a decrease of root exudation
occurred in all germplasms, with birdsfoot trefoil germplasm containing an average of 6.87 mmol g!

Table 1 - Oxalic acid exudation rates of Lotus corniculatus germplasms after exposure to 200 uM Al for 24,72 and 120 h

Experiment |

Time after exposure to 200 uM Al

Germplasm with and without Al exposure

24h 72h 120 h
UFRGS zero 4.496dAB 7.647dA 1.765cB
UFRGS Al 17.059aA 20.168aA 7.941aB
Sdo Gabriel zero 3.319dA 3.571eA 0.714cB
Sdo Gabriel Al 13.319bA 15.294bA 6.597aB
INIA Draco zero 4.580dA 3.950eA 0.924cB
INIA Draco Al 12.563bA 12.773bcA 7.773aB
Alfalfa zero 1.807dA 1.429eA 0.336¢cA
Alfalfa Al 8.445cA 11.639cA 4.034bB

Experiment II

Time after exposure to 200 uM Al

Germplasm with and without Al exposure

24h 72h 120 h
UFRGS zero 0.9746dA 0.8475dA 0.0042dA
UFRGS Al 16.5678bA 7.7119bB 8.7712bB
S&o Gabriel zero 0.9322dA 0.3390dA 0.0042dA
S&do Gabriel Al 13.0932bcA 6.4407bcB 5.1695cB
INIA Draco zero 1.5254dA 0.1695dA 0.0042dA
INIA Draco Al 9.5339cA 4.7458cB 4.9576¢cB
Alfalfa zero 0.3814dA 0.0042dA 0.0042dA
Alfalfa Al 27.7542aA 12.2881aB 15.9746aB

Lowercase letters indicate significant differences between treatments (germplasms with and without aluminum) within each time period, and
uppercase letters compare treatments among times (24, 72, and 120 h), both by Tukey’s test (P<0.05).
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RDM. This was superior to alfalfa (4.09 mmol g* RDM) in the Al-exposed treatment. In the second
experiment, the UF-T2 genotype had 16.01 mmol g* RDM. As expected, in the absence of Al stress,
all genotypes had similar exudation patterns (P>0.05).

Oxalic acid exudation doubled between the initial (24 h) and final (120 h) observation for all evaluated
genotypes. UF-T2 had the highest oxalic acid exudation (27.7 mmol g* RDM) 24 h after exposure.
Exudation of UFRGS genotype (18.20 mmol g* RDM) was more than that of INIA Draco and Sio Gabriel
(13.08 mmol g-! RDM). Alfalfa exudated < 9.50 mmol g! RDM 24 h after exposure.

After the last evaluation (120 h) for Experiment I, distinct morphological differences between alfalfa
and birdsfoot trefoil genotypes were observed (Table 2). In the absence of Al, alfalfa was superior
(P<0.01) to birdsfoot trefoil in all evaluated characteristics. Additionally, INIA Draco had lower RDM,
RV, RL, and H compared with UFRGS population and Sao Gabriel, which indicated it was a less vigorous
and productive cultivar.

Table 2 - Morphological characteristics evaluated after the last evaluation of oxalic acid (experiment I)

Characteristic

Genotype SDM (g) RDM (g) RV (mL) H (cm) RL (cm)

Zero Al Zero Al Zero Al Zero Al Zero Al
UFRGS 0.92Ab  0.95Aa 0.92Ab 0.83Aa 2.15Ab  2.13Aa 7.78Ab  7.22Aa 8.52Ab 8.37Aa
Sdo Gabriel 0.88Ab  0.83Aa 0.86Ab 0.76Aa 1.87Ac  1.73Ab 7.28Ab 6.81Aa 9.11Ab 7.32Bb
INIA Draco 0.91Ab  0.58Bb 0.57Ac  0.37Bb 1.27Ad 1.17Ac 6.47Ac  5.89Ab 5.64Ac 5.23Aa
Alfafa 2.32Aa 0.84Ba 1.50Aa 0.44Bb 2.83Aa 1.21Bc 12.3Aa  6.56Ba 13.3Aa 5.86Bc
Mean+SD 1.03+0.53 0.78+0.35 1.80+0.57 7.54+2.02 7.92+2.61
cv 5.93 5.26 7.56 6.56 5.99

SDM - shoots dry matter; RDM - roots dry matter; RV - root volume; H - plant height; RL - root length; SD - standard deviation; CV - coefficient
of variation.

Uppercase letters indicate significant differences in the same germplasm when subjected to the presence or absence of aluminum in nutrient
solution, and lowercase letters indicate significant differences among different germplasms subjected to the presence or absence of aluminum
in nutrient solution by Tukey’s test (P<0.05).

4. Discussion

Increased concentrations of Al in the root tissue can indicate a greater sensitivity to Al and indicate
less efficient mechanisms of detoxification and exclusion (Bojérquez-Quintal et al., 2017). Aluminum
held in roots may be connected to cell walls, plasmatic membrane, cytosol, or cellular nucleus, which
can inhibit elongation and division, in addition to several other metabolic alterations in cellular
function (Moustaka et al., 2016.). Here, the only organic compound exudated in measurable amounts
was oxalic acid. In species with an elevated tolerance to Al, such as Fagopyrum esculentum, exudation
of oxalic acid has been identified as the main factor associated with Al tolerance (Wang et al., 2015).
Citric, malic, and oxalic acids are the most commonly identified acids, forming robust bonds and
chelating Al (Meng et al.,, 2017).

Several authors have identified root exudation of organic acids in Al-tolerant cultivars from different
species. Palove-Balang et al. (2012) identified Al tolerance in two genotypes of birdsfoot trefoil and
concluded that the UFRGS population sustained less damage to cell walls and had a higher exudation
rate of citrate and oxalate compared with INIA Draco and was thus considered more tolerant.
He et al. (2015) identified the response mechanism for wheat cultivars with a higher Al tolerance
through secretion of organic acids from the root apex activating the anion channels. Sun et al. (2020)
verified that citrate synthesis and exudation play a key role in Al resistance in alfalfa, in which higher
levels of citrate concentration and exudation are associated with Al binding in Al-tolerant cultivars
compared with Al-sensitive cultivars.
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Other functional differences between the INIA Draco and UFRGS population may also be associated with
their greater tolerance to toxic Al. Palove-Balang et al. (2012) reported differences in depolarization
of the plasmatic membrane in different populations of L. corniculatus when exposed to toxic levels of
Al. The results showed that the most tolerant germplasm (UFRGS population) had more membranes
resistant to depolarization compared with the most sensitive cultivar (INIA Draco) (Figure 1). In other
studies, Al application promoted a fast connection to the plasmatic membrane, especially in the root
apical region, which was identified as the most sensitive region to Al exposure (Scavo et al., 2019).
This bond promotes a structural change on the plasmatic membrane, which stimulates an increase
of cytosolic Ca?* for the induction of callose synthesis (Singh et al., 2018) and the formation of free
radicals that lead to lipid peroxidation and protein oxidation, subsequently causing rupture and
depolarization of the plasmatic membrane (Furlan et al., 2018).

Superior root growth and SDM from the UFRGS population compared with INIA Draco may have been
influenced by the greater root exudation of oxalic acid. In large amounts, this organic acid can bind
and neutralize Al molecules close to the rhizosphere minimizing the effect of Al on plant tissues.

Two organic acid exudation patterns have been classified based on their secretion pattern (Chen et al,,
2013). A Type I response has a higher exudation rate in the early hours of Al exposure, while Type II
responses show that the exudation of organic acids increases over time (Table 1). Different mechanisms
are involved in these two distinct patterns. Type I responses suggest that Al activates a pre-existing
anionic canal in the plasmatic membrane with gene induction being unnecessary (Chen et al,, 2013).
In contrast, Type Il responses indicate that a protein induction may be necessary to trigger a protective
response. These proteins may be associated with the metabolism or transport of organic acids, but
these mechanisms are not yet fully understood (Huang et al.,, 2017). There is strong evidence that
birdsfoot trefoil exhibits a Type I response, which has previously been demonstrated in experiments
with more Al-tolerant genotypes of wheat (Triticum aestivum), corn (Zea mays), sunflower (Helianthus
annuus), and soybean (Glycine max) (Hayes and Ma, 2003). Studies demonstrated Al exclusion
via organic acid exudation in birdsfoot trefoil, inhibiting part of its phytotoxic action on the cell
(Kochian et al.,, 2002).

The presence of Al, even for a short period, reduced SDM and RDM of INIA Draco but, as expected,
Al-sensitive alfalfa showed the greatest negative response to Al exposure. With alfalfa, a highly
significant reduction in RV, RL, and H was observed in plants treated with Al In contrast, yield
characteristics of UFRGS and Sao Gabriel were unaffected. In the presence of Al, the UFRGS population
and Sao Gabriel were superior to the INIA Draco and alfalfa for the variables evaluated.

These results demonstrated the protective role of oxalic acid for plant growth under toxic Al conditions.
The reduction of Al accumulation was related to higher root exudation of oxalic acid, suggesting that
this mechanism inhibits the accumulation of Al in tissue of L. corniculatus. Oxalic acid binds to Al in the
rhizosphere, which blocks its toxic action in the plant when exposed to acidic conditions by restricting
uptake in solute. This experiment showed that higher concentrations of oxalic acid were highly
correlated with reduced accumulation of Al in the root tissue (r?= 0.69, 0.75, and 0.60 for observations
at 24,72, and 120 h, respectively). The UF-T2 genotype exhibited a Type I response that contributed to
a higher Al tolerance.

5. Conclusions

The genotype selected for aluminum tolerance (UF-T2) showed increased root exudation of oxalic acid,
indicating that this mechanism is involved with Al tolerance in Lotus corniculatus. This experiment
showed strong evidence that birdsfoot trefoil presents the Type I tolerance pattern, in which anionic
channels are rapidly activated by Al exposure.
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