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A B S T R A C T   

Manganese (Mn) toxicity is common in plants grown on very acid soils. However, some plants species that grow 
in this condition can take up high amounts of Mn and are referred to as hyperaccumulating species. In this study, 
we evaluated the capacity of Ilex paraguariensis to accumulate Mn and the effect of excessive concentrations on 
plant growth and nutrition. For this, a container experiment was conducted using soils from different parent 
materials (basalt and sandstone), with and without liming, and at six doses of applied Mn (0, 30, 90, 270, 540 
and 1,080 mg kg� 1). Clonal plants grown for 203 days were harvested to evaluate yield, and leaf tissue samples 
were evaluated for Mn and other elements. Without liming and with high Mn doses, leaf Mn concentrations 
reached 13,452 and 12,127 mg kg� 1 in sandstone and basalt soils, respectively; concentrations in excess of 
10,000 mg kg� 1 are characteristic of hyperaccumulating plants. Liming reduced these values to 7203 and 8030 
mg kg� 1. More plant growth accompanied increased Mn leaf concentrations, with a growth reduction noted at 
the highest dose in unlimed soils. Elemental distribution showed Mn presence in the mesophyll, primarily in 
vascular bundles, without high Mn precipitates. Interveinal chlorosis of young leaves associated with high Mn 
concentration and lower Fe concentrations was observed, especially in sandstone soil without liming. However, 
the occurrence of this symptom was not associated with decreased plant growth.   

1. Introduction 

Manganese (Mn) is a plant micronutrient taken up by roots in active 
or passive forms in the Mn2þ oxidation state (Broadley et al., 2012). 
Functional roles are related to the oxygen evolution complex that aids 
water photolysis in photosystem-II, chlorophyll synthesis, and activation 
of numerous enzymes (Schmidt et al., 2016). In vegetative tissues, Mn 
can accumulate in exchangeable forms, adsorb to negative charges of 
cell walls, and can exist in available (in cytoplasm) and unavailable (in 
vacuoles) forms (Junior et al., 2008). 

In soil, this micronutrient is the most abundant following iron (Fe) 
and is mainly found in Mn2þ and Mn4þ oxidation states, with total 
amounts varying from 200 to 3,000 mg kg� 1 (Oliva et al., 2014; Kaba
ta-Pendias, 2010). Manganese plant availability can be altered by pH 
changes, and is more available in acidic soils, which produces favorable 
conditions for phytotoxicity in plants (Millaleo et al., 2010; Broadley 
et al., 2012). In addition, soils derived from igneous sources such as 
basalt have higher Mn values compared to sedimentary-based soils such 
as sandstone (Althaus et al., 2018). This difference can affect the amount 
of Mn availability and uptake by plants (Motta et al., 2020). 
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Some plants species have the capacity to accumulate high amounts of 
Mn in tissue without expressing toxicity symptoms or affecting growth. 
Some species can accumulate leaf concentrations in excess of 1,000 mg 
kg� 1, such as 5,996 mg kg� 1 in Phytolacca americana L. (Phytolaccaceae) 
(Zhao et al., 2012) and 5,973 to 6,924 mg kg� 1 in Alternanthera phil
oxeroides (Mart.) Griseb. – Amaranthaceae (Xue et al., 2004). On the 
other hand, some species are known as hyperaccumulators because they 
can accumulate Mn in excess of 10,000 mg kg� 1 (Baker and Brooks, 
1989). In a global review of metal hyperaccumulator plants, Reeves 
et al. (2018) discussed 24 species that presented Mn concentration up to 
10,000 mg kg� 1. In South America, the tree species Ilex paraguariensis A. 
St. Hil. (Aquifoliaceae) is reported to have a high capacity for accumu
lating Mn in leaves, with concentrations usually close or up to 1,000 mg 
kg� 1 (Reissmann and Carneiro, 2004; Oliva et al., 2014; Barbosa et al., 
2018, 2020). Motta et al. (2020) reported Mn concentration of 9,401 �
1,591 mg kg� 1 in leaves of I. paraguariensis under typical forest condi
tions, and suggested future research to better explore the Mn accumu
lation potential of this species. 

Another important aspect is that I. paraguariensis leaves are used to 
prepare hot or cold water infusions for human consumption (i.g., 
“chimarr~ao”, “terrerê”, and various teas) (Valduga et al., 2019). Barbosa 
et al. (2015) reported that up to 45% of Mn in I. paraguariensis leaves can 
be extracted via hot water infusion. Therefore, attention should be paid 
to the amount of Mn present in raw material used for yerba mate infu
sion preparations, since absorption of Mn above recommended 
maximum amounts can result in neurotoxic effects, higher incidence of 
acute bronchitis, bronchial asthma, and pneumonia (Leite et al., 2014). 

Studies have indicated that Mn is the main micronutrient affected by 
liming I. paraguariensis, where a 57% decrease in Mn leaf concentration 
has been reported (Reissmann et al., 1999). Santin et al. (2013) reported 
a similar decrease in leaves (~50%), a high decrease in shoots, and no 
effect in roots. These evaluations reflect normal field conditions, but 
behaviors under conditions of high Mn availability are not known. 
Although the capacity of this species to accumulate significant amounts 
of Mn in leaves is known (Motta et al., 2020), the maximum accumu
lation potential, location of Mn within leaf tissues, phytotoxic damage, 
and consequent effects on plant growth have not been explored. 

Therefore, the present study aims to: (1) investigate possible toxicity 
effects and the consequences of high Mn concentration on growth and 
leaf elemental composition; (2) determine the maximum Mn accumu
lation potential of I. paraguariensis leaves; (3) investigate the location of 
Mn within leaf tissue; and (4) assess the effect of soil pH increase on Mn 
accumulation. Results of the present work will aid in understanding Mn 
uptake dynamics from soil to I. paraguariensis leaves and Mn storage in 
leaves. Additionally, results may have implications within production 
and manufacturing systems since I. paraguariensis is part of the human 
diet and excessive Mn consumption may impact human health. 

2. Materials and methods 

2.1. Experimental design and soil collection 

The study was conducted in the understory of an Araucarian forest 
(Araucaria angustifolia L.). This predominantly subtropical region has an 
altitude of 934 m, with a K€oppen classification climate of Cfb (Alvares 
et al., 2013). The average precipitation during the experimental period 
was 166.5 mm month� 1 (67.4–301.2 mm month� 1) and the average 
temperature was 21.0 �C (17.3–26.7 �C). The experiment was conducted 
in a completely randomized design with four replications, in which two 
soils from different parent materials (basalt and sandstone) were eval
uated with and without acidity correction (liming) at Mn application 
doses of 0, 30, 90, 270, 540, and 1,080 mg Mn kg� 1 soil. 

Soil was collected from the 0–20 cm layer, homogenized, and sieved 
to pass a 4 mm mesh. Soil formed from basalt was classified as a Ferralsol 
and was collected in Bar~ao de Cotegipe, Rio Grande do Sul state, Brazil 
(27�33050.7100 S, 52�2403.8300 W). The soil formed under sandstone was 

classified as a Cambisol and was collected in S~ao Jo~ao do Triunfo, Paran�a 
state, Brazil (25�40045.0500 S, 50�18036.0400 W). 

2.2. Determination of soil chemical and physical parameters 

Prior to experiment installation, texture was determined by the 
Bouyoucos hydrometer method using as a dispersant mixture of NaOH 
(4 g L� 1) and (NaPO3)6 (10 g L� 1) (Dane et al., 2002). Soil chemical and 
physical properties are shown in Table 1. After an acidity corrective 
incubation period, another soil sample was taken and chemical char
acterization was performed again. In both soil analyses, samples were 
dried at room temperature and ground to pass a 2 mm mesh sieve to 
determine the following measures: pH (0.01M CaCl2), potential acidity 
(H þ Al), exchangeable acidity (Al3þ, by titration), quantification of 
exchangeable bases (Ca2þ, Mg2þ extracted by 1 mol L� 1 KCl, and Kþ

extracted with Mehlich-I), available P (extracted with Mehlich-I), and 
organic C (wet combustion). Chemical determinations followed the 
methodologies described by Marques and Motta (2003). 

2.3. Correction of acidity and Mn doses 

Based on soil analyses, the amount of lime required to achieve a base 
saturation of 70% was calculated. Thus, 2.80 g kg� 1 of CaCO3 and 0.28 g 
kg� 1 of MgO (both PA reagents) were added to the basalt soil. For the 
sandstone soil, 4.88 g CaCO3 and 0.50 g MgO per kg of soil were added. 
Soils were then homogenized, placed in 5 dm3 containers and incubated 
for 21 days while keeping soils moist. After incubation, clonal plants of 
I. paraguariensis BRS BLD Yari cultivar propagated by the mini-cuttings 
technique (Wendling et al., 2017) were transplanted into each 
container. At 65 days after transplanting, fertilization with N, P, and K 
equivalent to 150 mg N, 250 mg P2O5 and 200 mg K2O per kg of soil was 
performed. For this fertilization, we used 117.15 g of K2HPO4 þ 46.76 g 
of KH2PO4 þ 89.08 g of (NH4)2HPO4 þ 250.59 g of (NH4)2SO4 þ 26.06 g 
of KCl diluted in 4.8 L of deionized water and applied 50 mL of solution 
to each container. 

Addition of Mn was split into three application periods to avoid 
precipitation of Mn and possible plant mortality at high doses. The 
application of Mn occurred at 41, 65, and 153 days after transplanting. 
Thus, it was possible to progressively monitor plant stress due to high 
Mn availability. The source used was manganese sulfate (MnSO4) 
diluted in deionized water, and three applications of 0, 10, 30, 90, 180, 
360 mg kg� 1 of soil totaled the initially proposed doses of 0, 30, 90, 270, 
540 and 1,080 mg Mn kg� 1 of soil. 

2.4. Plant monitoring and elementary quantification 

Plants were grown up to 50 days after the last Mn application, which 
corresponds to 203 days after transplanting. During this period, plants 
were monitored to diagnose for leaf anomalies indicative of Mn toxicity; 
symptoms were recorded and characterized in detail. At study termi
nation, plants were cut at the collar region and completely expanded 
leaves were separated for elemental composition determinations. All 
plant material was oven dried by forced air circulation at 65 �C until 
constant mass prior to weight determinations. 

Dried fully expanded leaves used to determine elemental composi
tion were ground in a Willey mill to pass a 2 mm mesh sieve. For di
gestions, 1 g of plant tissue and 10 mL of 3 mol HCl were used and 
subjected to heat plate digestion at 200 �C for 25 min. After this period, 
solutions were filtered with 1–2 μm particle retention filter paper, and 
volume adjusted to 100 mL with deionized water. Elemental quantifi
cation of K, Ca, Mg, P, S, Mn, Al, Fe, Zn, B, and Cu was performed using 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, 
Varian 720-ES). Certified reference material (GBW–10016 Camellia 
sinensis) was utilized to ensure quality control, and the following re
covery values were obtained: K – 107%, Ca – 91%, Mg – 113%, P – 95%, 
S – 91%, Mn – 104%, Fe – 73%, Zn – 100%, and Cu – 79%. 
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2.5. Microscopy analysis 

Microscopy analysis was performed on plants subjected to Mn doses 
of 0 and 1,080 mg kg� 1 (control and maximum dose). After cutting 
plants, one fully expanded representative leaf from control and 
maximum dose plants were selected. A section cut from each leaf, 
resulting in a ~0.5 � 2.0 cm sample that was fixed in the dark (48 h at 4 
�C) in 1.5 mL eppendorf microtubes with 1 mL of FAA fixation solution; 
i.e., 70% ethanol [v/v] þ formalin 5% [v/v] þ glacial acetic acid 5% [v/ 
v]. After this fixation period, samples were submitted to dehydration by 
an ethanol series of 80, 90, 95, and 100% (20 min per step). Micro
analyses were performed using a SEM (Vega3 LM, Tescan) equipped 
with an EDX elemental detector (X-MaxN 80 mm2, Oxford). 

2.6. Data analysis 

Statistical analyzes were performed using R software, version 3.6.0 
(R Core Team, 2019). Data was subjected to Shapiro-Wilk and Bartlett 
tests to verify the assumptions of residual normality (“shapiro.test” 
functions) and variance homogeneity (“bartlett.test” function), respec
tively. In cases where assumptions were not met, data were transformed 
by the optimal Box-Cox power (“boxcox” function of the MASS pack
age). Analysis of variance for each soil was applied according to the 
completely randomized design with factorial treatments (2 � 6) with 
four replications, considering doses (6) as quantitative factors and 
acidity correction (2) as qualitative, and leaf Mn concentration as the 
response variable. A 95% confidence level was considered for model 
validation. After validation, regression analysis was applied to deter
mine the response of Mn concentration as a function of the supply of this 
element to different soils without and with liming (“lm” function). Plant 
total dry matter results were converted to relative yield, considering the 
average repetition result, with the zero dose treatment corresponding to 
100% yield, and the other doses proportional to this value. 

In addition, a Principal Component Analysis (PCA) of elemental 
composition and total dry matter (“princomp” function) was performed 
from the correlation matrix of standardized data for mean zero and 
variance one (transformed by the “decostand” function of Vegan pack
age). The number of Principal Components (PC) used were selected to 
explain at least 70% of the variance. Plants with and without leaf 
anomaly were classified into two distinct groups, and from the obser
vation of PCA, a Discriminant Function Analysis (DFA) was applied to 
discriminate these two groups (MDA package – “lda” function). In the 
calculation of DFA, we used the original covariance matrix of the data. 
Precision of the analysis was determined by the confusion matrix. 
Additionally, the Student’s t-test was applied to compare variables used 
in DFA according to the created groups. 

3. Results 

3.1. Leaf Mn concentration and toxicity 

Concentration of Mn in leaves of I. paraguariensis increased with Mn 
supply (Fig. 1). The highest Mn concentration in leaves occurred in 
unlimed soils at the 540 mg kg� 1 dose, reaching a maximum value of 
13,452 mg kg� 1 for basalt soil and 12,127 mg kg� 1 for sandstone soil. In 
limed soils, the respective maximum leaf Mn concentrations of 7,203 
mg kg� 1 and 8,030 mg kg� 1 for basalt and sandstone soils occurred at 
the maximum dose. 

In some treatments, leaves showed toxicity symptoms (Fig. 2) that 
was characterized as interveinal chlorosis resulting in leaves without 
pigmentation in more severe stages (Fig. 2C). This toxicity symptom 
started from the second Mn application. Symptom intensity was greatest 
during initial leaf development, becoming less noticeable with leaf 
aging, and was barely visible or sometimes absent at the end of the 
experiment. 

In unlimed soil, the toxicity symptom was more frequent and 

Table 1 
Chemical and physical analyses of basalt and sandstone soils with and without lime addition prior to planting.  

Soil pH CaCl2 Al3þ H þ Al Caþ2 Mgþ2 Kþ P Mn OC Sand Silt Clay   

cmolc dm� 3 mg dm� 3 g dm� 3 g kg� 1 

Without lime 
Sandstone 3.5 5.71 20.4 0.7 0.3 0.24 1.5 41 37.3 400 300 300 
Basalt 4.4 1.12 12.1 2.8 2.0 0.23 3.8 228 20.1 50 225 725 
With lime 
Sandstone 5.2 0.00 5.4 10.7 1.7 0.16 9.1 38 37.3 400 300 300 
Basalt 5.5 0.00 4.3 9.2 2.9 0.43 7.4 207 20.1 50 225 725 

OC ¼ organic carbon. 

Fig. 1. Mn concentrations (average and error bars) in Ilex paraguariensis leaves grown in basalt (A) and sandstone soil (B) without liming (red) and with liming (blue) 
in response to Mn supply (0, 30, 90, 270, 540, and 1,080 mg kg� 1). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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occurred at the Mn dose of 360, 540 and 1,080 mg kg� 1 in the sandstone 
soil, and at the Mn dose of 540 and 1,080 mg kg� 1 in the basalt soils. In 
limed soils, leaf toxicity occurred only at the maximum dose in the 
sandstone soil and had less intensive chlorosis (Fig. 2B) than plants 
grown in unlimed soils. Plants grown in limed basalt soil did not pre
sented toxicity symptoms. 

As illustrated by PCA, the predominant occurrence of toxicity 
symptom in plants indicates that this occurred due to excessive Mn 
accumulation in leaves of I. paraguariensis (Fig. 3). This was confirmed 
by DFA, which discriminated plants by the presence of toxicity symptom 
with a 98% accuracy confounded by only one sample from each pre
determined group. The main discriminant variables of groups with and 
without interveinal chlorosis were Mn and Fe leaves concentrations 
(with negative correlations) based on the discriminant function pre
sented in Eq. (1): 

DðxÞ¼ � 0:29Mn½�þ 0:23Fe½� � 0:09Al½� þ 0:07TDM þ 0:04B½� (1)  

3.2. Plant growth and elemental composition interaction 

Increased dose of Mn applied was accompanied by increased plant 
dry matter yield, with relative dry matter production ~180% and 120% 
in unlimed and limed basalt soil at the 540 mg kg� 1 dose, respectively 
(Fig. 4). In unlimed soils, an increase in total dry matter production was 
observed at the lowest Mn doses, with a decrease at the maximum dose; 
a result that follows the behavior of leaf Mn concentration (Figs. 1 and 4) 
that may be reflective of physiological stress by toxicity. In limed soils, 
the opposite effect was observed, with a decrease in production at the 
first Mn dose and an increase at the two highest doses. 

Increases in Mn leaf elemental concentration was accompanied by 
increased in S concentration. This Mn increase did not affect concen
trations of any other evaluated element (Table 2). 

Three main Principal Components (PC) can explain 70% of data 
variation for leaf elemental composition and total dry matter (Fig. 3 and 
Table S1). PC1 showed positive correlation between Mn, S, and K, and 
these elements were negatively correlated to concentrations of Ca and 
Mg. Fig. 3 clearly shows the presence of higher Mn concentration in 
unlimed soils. PC2 represented the positive relationships between Fe, Al, 
Zn, and B (Table S1). The highest values of these elements were asso
ciated with plants grown in soil with Mn doses of 30, 90, 270, and 540 
mg kg� 1 (Table 2). PC3 reflects total dry matter production, which was 
positively correlated with Mn and S concentrations and negatively 
correlated with K (Table S1). 

3.3. Distribution of elements in yerba mate leaves 

Low concentration in the control treatment prevented detection of 
Mn in yerba mate leaf samples. SEM–EDS evaluations of the maximum 
dose treatment revealed no presence of Mn precipitates in leaves. This 
element was concentrated in the mesophyll region, primarily in vascular 
bundles (Fig. 5). 

4. Discussion 

4.1. Accumulation of Mn in leaves 

The maximum observed Mn concentration (13,452 mg kg� 1) (Fig. 1) 
was approximately a third higher than the previous maximum reported 
in the literature for I. paraguariensis leaves (Motta et al., 2020). Thus, 
under experimental conditions this species displays characteristics of 
Mn hyperaccumulating plants by exceeding Mn concentrations of 10, 
000 mg kg� 1 (Baker and Brooks, 1989). The maximum concentrations of 
Mn obtained for both soils without liming were similar. Additionally, for 
both soils at the highest dose (1,080 mg kg� 1), leaf Mn concentration 
decreased in relation to the previous dose (540 mg kg� 1); this suggests 

Fig. 2. Normal Ilex paraguariensis leaf (A) and leaves with symptoms of inter
veinal chlorosis (B and C) associated with increased Mn concentration. 

Fig. 3. Principal component analysis of leaf elemental composition of Ilex 
paraguariensis grown in basalt and sandstone soils lime and unlimed, at different 
supplied Mn doses (0, 30, 90, 270, 540, and 1,080 mg kg� 1). TDM: Total dry 
matter. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. Relative dry matter production of Ilex paraguariensis grown in basalt and 
sandstone soil without liming and with liming in response to Mn supply (0, 30, 
90, 270, 540, and 1,080 mg kg� 1). Horizontal dashed line represents the wit
ness (100% relative yield). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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that these accumulation values are the maximum for this species. Cal
deira et al. (2006) found Mn concentrations above 1,000 mg kg� 1 in Ilex 
dumosa (Reissek) leaves under native conditions, indicating that other 
species of the genus Ilex may accumulate high amounts of Mn in leaves. 
Given that the critical concentration for the definition of Mn hyper
accumulating species (>10,000 mg kg� 1) proposed by Baker and Brooks 
(1989) has been widely used (Reeves et al., 2018; Van der Ent et al., 
2019), I. paraguariensis could be considered a Mn hyperaccumulator 
species under our study conditions. However, other standards has been 
proposed, such as bioconcentration factor (>1; but often >50), 
shoot-to-root factor, and the genetic approach (Van der Ent et al., 2013). 
Motta et al. (2020) reported a bioconcentration factor (plant:soil ratio) 
between 12 and 14 for I. paraguariensis plants with leaf Mn concentra
tions of 9,401 � 1,591 mg kg� 1; considering the study as a whole (30 
sites), the bioconcentration factor ranged from 0.9 to 32. 

For healthy growth, plants resistant to high Mn concentration 
employ mechanisms to maintain this element in non-toxic forms. The 
most common strategies being associations with the endoplasmic re
ticulum and Golgi complex, storage in vacuoles and epidermal cells, and 
Mn chelate formations (Shao et al., 2017). Since toxicity symptoms tend 
to disappear with leaf aging, I. paraguariensis possibly uses some of these 
mechanisms to maintain Mn in a non-toxic form, which allows mature 
leaves with Mn concentrations above 10,000 mg kg� 1 to not manifest 
visual symptoms in mature leaves. Although present in high concen
tration, no high Mn precipitates were observed in foliar tissues (Fig. 5), 
suggesting that this element was homogeneously distributed throughout 
the mesophyll. As indicated by Junior et al. (2008), Mn may be allocated 
to negative cell wall charges, cytoplasm, and vacuoles. Thus, distribu
tion in mesophyll indicates Mn was adsorbed to charges of cell walls or 
existed as free forms in the vascular bundle. 

Motta et al. (2020) showed that parent material of soil plays a key 
role in influencing Mn concentration in I. paraguariensis leaves and that 
concentration in basalt soils is about twice as large as sedimentary and 
rhyolite/rhyodacite soils. In our study, this effect was clear in unlimed 
soils without Mn supply, where leaf Mn concentrations were 2,336 �

457 and 884 � 295 mg kg� 1 in basalt and sandstone soil, respectively 
(Fig. 1). In this context, Barbosa et al. (2018) noted an influence of soil 
type on leaf Mn concentrations related to crystalline and low crystal
linity forms of this nutrient in soil. 

Although leaf Mn concentrations followed the amount of soil Mn 
availability, two other factors can influence this difference: in poorly 
drained areas (e.g., low slopes or wet slopes), higher Mn availability can 
be expected (Zengin, 2013); climate variations could increase avail
ability and accumulation of Mn during rainy seasons as has been 
observed in pastures (Senger et al., 1997; Siman et al., 1974). This im
plies that a large variation in leaf Mn concentration could occur between 
plants cultivated within the same location depending on climatic vari
ation during the year and position in regard to landscape relief. 

On the other hand, increased pH decreased leaf Mn concentration 
(Fig. 1), corroborating results of Toppel et al. (2018) who found a 
relationship between Mn concentrations in native plants of 
I. paraguariensis and soil pH. This indicates that changing soil pH is the 
most efficient way to reduce Mn concentration in I. paraguariensis leaves, 
and consequently reduce Mn concentration in the raw material used for 
infusion preparations. As initially reported, this is an important subject 
since I. paraguariensis mate drinks are consumed by a large population 
(adolescents, adults, and the elderly) and high Mn consumption can be 
unhealthy (Leite et al., 2014). Almost half of the Mn present in 
I. paraguariensis leaves is known to be soluble in hot water (Barbosa 
et al., 2015). Therefore, the ecotoxicology of plants can have direct or 
indirect effects on consumers. However, a better understanding of the 
amount of Mn that is effectively absorbed by the body is required. On the 
other hand, there is great potential for use of these Mn-enriched leaves 
for nutritional supply of both humans (those needing Mn supplements) 
and breeding animals. 

4.2. Plant growth and elemental composition interaction 

In comparison to typical cultivated plants, pH increase was accom
panied by a reduction in I. paraguariensis dry matter accumulation 

Table 2 
Elemental composition (average � standard derivation) of Ilex paraguariensis leaves grown in basalt and sandstone soils with and without lime under Mn doses of 0, 30, 
90, 270, 540, and 1,080 mg kg� 1.  

Doses K Ca Mg P S Al Fe Zn B Cu 

mg kg� 1 g kg� 1 mg kg� 1 

Basalt no liming 
0 11.6 � 0.5 5.5 � 0.9 3.9 � 0.4 0.99 � 0.16 0.61 � 0.19 158 � 48 129 � 44 155 � 36 11.8 � 1.8 2.9 � 0.7 
30 13.5 � 1.0 5.0 � 1.4 4.1 � 0.8 0.70 � 0.02 0.71 � 0.41 139 � 83 105 � 77 123 � 69 10.7 � 5.2 2.3 � 0.5 
90 12.2 � 1.8 6.0 � 0.6 4.9 � 0.3 0.88 � 0.24 0.55 � 0.11 190 � 52 146 � 53 141 � 50 15.3 � 1.2 2.3 � 0.2 
270 12.8 � 1.5 5.4 � 0.7 4.3 � 0.4 0.90 � 0.27 0.93 � 0.45 164 � 60 131 � 63 116 � 22 13.4 � 1.0 2.9 � 0.3 
540 12.5 � 2.0 5.0 � 0.4 3.9 � 0.6 0.79 � 0.17 0.76 � 0.26 183 � 18 126 � 28 125 � 21 13.9 � 2.1 2.7 � 0.6 
1,080 13.1 � 0.7 4.0 � 0.4 3.2 � 0.2 0.84 � 0.30 1.06 � 0.32 164 � 34 102 � 23 140 � 10 15.2 � 2.0 4.1 � 0.5 
Basalt with liming 
0 12.0 � 0.6 6.9 � 1.0 4.3 � 0.4 0.98 � 0.16 0.35 � 0.02 102 � 27 96 � 34 112 � 28 13.6 � 2.5 2.7 � 0.5 
30 12.1 � 0.4 6.9 � 0.9 5.1 � 0.5 1.21 � 0.28 0.40 � 0.11 199 � 60 229 � 81 146 � 46 15.5 � 2.6 2.9 � 0.8 
90 12.8 � 1.1 7.5 � 0.4 5.1 � 0.2 1.15 � 0.32 0.37 � 0.10 260 � 110 185 � 67 125 � 24 17.3 � 2.1 4.1 � 1.6 
270 11.9 � 2.7 8.2 � 2.4 5.3 � 1.0 1.45 � 0.46 0.46 � 0.12 219 � 70 214 � 94 153 � 46 21.1 � 5.4 2.8 � 0.6 
540 12.6 � 1.7 6.2 � 1.7 4.2 � 0.7 1.33 � 0.25 0.50 � 0.07 160 � 73 141 � 77 100 � 34 15.1 � 2.7 2.9 � 0.1 
1,080 12.5 � 0.8 6.2 � 0.5 3.7 � 0.3 1.04 � 0.19 0.63 � 0.12 103 � 28 77 � 15 114 � 32 14.5 � 0.7 3.3 � 0.5 
Sandstone no liming 
0 14.1 � 0.9 3.4 � 0.3 3.0 � 0.2 1.46 � 0.26 0.31 � 0.09 182 � 53 90 � 23 114 � 28 12.2 � 2.0 3.0 � 0.1 
30 14.5 � 0.2 3.6 � 0.7 3.6 � 0.6 1.62 � 0.43 0.61 � 0.13 220 � 35 105 � 18 101 � 24 14.2 � 2.2 1.8 � 0.3 
90 12.9 � 1.1 3.3 � 0.7 3.5 � 0.3 1.37 � 0.37 0.64 � 0.20 180 � 52 92 � 26 89 � 42 11.6 � 1.9 2.4 � 0.5 
270 13.1 � 1.0 2.6 � 0.4 2.5 � 0.3 1.29 � 0.13 0.94 � 0.40 176 � 2 86 � 22 88 � 12 10.6 � 1.3 2.4 � 0.9 
540 12.9 � 1.5 2.9 � 0.5 3.1 � 0.4 1.11 � 0.30 1.27 � 0.32 204 � 18 126 � 29 90 � 19 12.4 � 1.2 3.1 � 0.8 
1,080 13.4 � 0.8 2.3 � 0.3 2.7 � 0.2 1.21 � 0.43 1.44 � 0.37 174 � 18 95 � 14 115 � 25 11.5 � 0.8 4.2 � 0.6 
Sandstone with liming 
0 11.8 � 1.7 8.2 � 0.6 4.6 � 0.7 1.62 � 0.50 0.40 � 0.13 108 � 30 100 � 29 80 � 13 9.0 � 1.7 3.0 � 0.4 
30 13.1 � 0.3 7.4 � 1.4 5.2 � 0.3 1.87 � 0.53 0.37 � 0.05 97 � 21 76 � 20 78 � 22 11.8 � 4.4 3.2 � 0.6 
90 9.1 � 1.1 9.8 � 1.4 5.8 � 0.5 1.01 � 0.25 0.44 � 0.17 110 � 20 82 � 11 138 � 101 9.5 � 2.4 3.0 � 0.5 
270 11.7 � 0.4 8.7 � 1.2 5.2 � 0.2 1.51 � 0.25 0.42 � 0.11 90 � 17 71 � 17 65 � 27 12.2 � 3.1 3.5 � 1.1 
540 11.8 � 1.2 8.1 � 1.5 4.5 � 0.4 1.21 � 0.26 0.67 � 0.07 98 � 23 111 � 41 81 � 10 10.9 � 2.4 2.2 � 0.8 
1,080 11.9 � 1.1 6.8 � 1.4 3.4 � 0.4 1.21 � 0.21 0.76 � 0.06 83 � 14 61 � 20 66 � 13 14.7 � 2.6 3.0 � 0.6  
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(Fig. 4). This was also observed by Santin et al. (2013) under field 
conditions. This effect on growth can be linked to the reduction in leaf 
Mn concentration, since this element was the only one affected in our 
study. Growth promoted by increased Mn concentration can be associ
ated with distinct physiological effects. First, Mn2þ has a similar ionic 
radius compared to Mg2þ and Ca2þ (0.075 nm, 0.065 nm and 0.099 nm, 
respectively) and is able to replace these elements in their functions 
(Broadley et al., 2012). Another characteristic is that Mn is responsible 
for cell elongation, and directly affects root growth and subsequent plant 
growth (Sadana et al., 2002). Finally, high Mn concentrations promote 
the degradation of Indole-3-Acetic-Acid (IAA) due to increased oxidase 
and polyphenoloxidase activity (Fecht-Christoffers et al., 2007). 
Decreased IAA promotes loss of apical dominance and the formation of 
auxiliary shoots (Ba~nados et al., 2009), which can contribute to 
increased leaf emergence and overall increases in plant dry matter. 
However, it is important to highlight that high pH can harm 
I. paraguariensis due to non-nutritional effects, such as increase in root 
diseases (Poletto et al., 2011). Plants with toxicity symptom exhibited 
the highest Mn concentrations (Figs. 1 and 2). However, Mn toxicity is 
often confused with deficiencies of Fe, Ca, Mg, or Zn (Zan~ao Júnior et al., 
2010). Thus, occurrence of interveinal chlorosis was attributed to excess 
Mn and associated with lower Fe concentrations. The average concen
tration of Mn in leaves with interveinal chlorosis was more than three 
times higher than leaves displaying no toxicity symptoms, while Fe was 
approximately 20% lower (Table S2). As a consequence, chlorophyll 
concentration in plants may have decreased due to Fe deficiency 
induced by excess Mn (Silva et al., 2017). Huang et al. (2016) observed a 
similar situation in sugarcane with Mn toxicity, where the average 
amount of total Fe was slightly lower in plants with chlorosis; however, 

active Fe corresponded to 30% of amounts found in normal plants (i.e., 
although plants had sufficient Fe, excess Mn inhibited normal func
tions). This lack of physiologically active Fe is a side effect of Mn toxicity 
that blocks the synthesis of chlorophyll and results in chlorosis (Sub
rahmanyam and Rathore, 2000; Huang et al., 2016). In addition, excess 
Mn can replace Mg in the chlorophyll molecule, causing damage that 
also results in chlorosis (Clairmont et al., 1986). However, this toxicity 
symptom (Fig. 2) is probably due to the application of a high dose of Mn 
to the soil; under these conditions, there are no records of symptoms in 
leaves with high concentrations of Mn (Motta et al., 2020). 

The lower occurrence of interveinal chlorosis in plants cultivated in 
limed soils is due to increased soil pH along with the addition of Ca and 
Mg and is very clear in the PCA (Fig. 3). Liming effects are not restricted 
to soil pH elevation, but are also attributable to increasing Ca amounts 
near roots, which reduces Mn absorption capacity due to competition for 
absorption sites (Fernando and Lynch, 2015). In addition, Mg supplied 
by lime also contributes to reduction of Mn toxicity symptoms in plants 
(Davis, 1996). 

Concentrations of Zn, Fe, and Mg in leaves with interveinal chlorosis 
were slightly lower than leaves without symptoms (Table 2), while Ca 
concentration was ~50% lower. However, the literature indicates that 
Mn toxicity associated with low Ca concentrations causes leaf apex 
deformation (Broadley et al., 2012), but this was not observed in the 
present study. Zinc deficiency is associated with reduced growth, while 
Mg deficiency is symptomatic in old leaves (Broadley et al., 2012). These 
results reinforce the fact that toxicity is more related to imbalance with 
Fe than with other nutrients. Regarding nutritional composition 
(Table 2), an increase in S concentration was expected since the source 
of Mn used was MnSO4. 

Fig. 5. MEV-EDS photomicrographs showing Mn distribution in Ilex paraguariensis leaves from the maximum dose treatment (a and b) and zoomed areas outlined in 
red (c and d). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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There are also reports of mycorrhiza associations with yerba mate 
roots, but the effect of this association on elemental composition is not 
known (Bergottini et al., 2017; Silvana et al., 2020). This highlights a 
knowledge gap that is worthy of future investigation. 

5. Conclusion 

The maximum concentrations of Mn in I. paraguariensis leaves were 
13,452 mg kg� 1 for basalt soil and 12,127 mg kg� 1 for sandstone soil, 
indicating that this species may be a Mn hyperaccumulator, which was 
facultative since this effect was soil-dependent. This is reinforced by the 
effect of Mn on the physiology of the plant, which showed a positive 
growth response and had no detrimental effect on nutritional status. 
Additionally, since leaves show symptoms of phytotoxicity during initial 
stages of leaf development (likely associated with Fe deficiency) that 
disappeared with further leaf development, Mn was probably trans
formed to non-toxic forms with leaf aging. Considering that products 
derived from I. paraguariensis are part of the human diet, increasing pH 
by lime application can drastically reduce concentrations of Mn in 
leaves, thereby reducing Mn consumed in infusion products. However, 
increasing soil pH can decrease I. paraguariensis growth. Thus, it is 
necessary to identify optimal lime doses that decreases Mn in leaves 
without negatively impacting I. paraguariensis yield. 
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