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ABSTRACT - Condensed tannins and a-tocopherol are important antioxidants
produced by forage plants, with potential benefits for grassland sustainability and
ruminant productivity. The objective of this study was to quantify the concentrations
of phenolic compounds in Desmodium incanum DC. and Paspalum notatum Fliiggé in
subtropical grasslands of the Brazilian Pampa and Atlantic Forest. Pasture samples were
randomly collected from eight sites selected to represent different climatic conditions
of the southernmost grasslands of Brazil. Six sites were located in the Pampa biome
and two in the Atlantic Forest biome. The sampling protocol included collections during
different periods of the year, representing the seasons as follows: summer (Jan-Feb),
autumn (May-Jun), winter (Jul-Aug), spring (Sep-Oct), and spring-summer (Nov-Dec).
D. incanum and P. notatum samples were collected and immediately stored in liquid
nitrogen, then lyophilized, ground and the compounds were extracted for subsequent
analysis. Condensed tannin concentration was estimated as bioreactive protein-
precipitable phenolics (PPP). Different concentrations of total phenolics (TP), PPP and
a-tocopherol were observed in D. incanum leaves across seasons. TP ranged from 63.91
to 242.71 g/kg dry matter (DM), PPP from 57.94 to 154.64 g/kg DM, and a-tocopherol
from 435.06 to 905.12 mg/kg DM. In P. notatum leaves, TP ranged from 37.85 to
59.53 g/kg DM, while a-tocopherol varied from 10.89 to 95.56 mg/kg DM throughout
the year. Air temperature, precipitation, relative humidity and solar radiation did not
influence a-tocopherol levels (P>0.05). Air temperature and solar radiation were
positively correlated with TP and PPP concentrations in D. incanum leaves. These
findings indicate that D. incanum is a significant source of phenolic compounds and
a-tocopherol in subtropical grasslands. Its antioxidant profile suggests a potential
role in improving the quality of ruminant products, however seasonal and ontogenic
variations must be considered when evaluating its nutritional value.

Keywords: forage bioactive compounds, grazing ruminant nutrition, growth
performance, meat quality, plant antioxidant
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1. Introduction

Native subtropical grasslands are among the largest and richest biodiverse areas of the world (Roesch
et al.,, 2009). In South America, these grasslands are mainly found in Brazil, Argentina, Uruguay, and
Paraguay, where they play a central role in livestock production systems. The Pampa and Atlantic
Forest biomes comprise some of the main native subtropical grassland biomes. Unfortunately, these
native grasslands are declining due to the adoption of short-term economic activities and incentives
(Foucher et al,, 2023). There are reports of a 25% reduction in the Pampa biome in the last 15 years
(Mengue et al., 2020), with significant losses of plant and animal biodiversity. Despite these pressures,
grazing with ruminants can be a sustainable alternative when appropriately managed (Nabinger
et al., 2009). The Pampa biome and Atlantic Forest biome are characterized by natural pastures that
support extensive livestock systems and provide ecosystem services essential for environmental
sustainability (Nabinger et al., 2009). The diversity of plants in ruminant diets can result in meat
with characteristic flavor, aroma, and fatty acid profile, which are conducive to improved human
health and opportunities for value-added production (Devincenzi et al., 2012).

Beyond their structural and nutritional attributes, forage from subtropical grasslands has biochemical
and physical properties that can impact animal product quality. Critical biochemical components
of these forages (especially legumes) include condensed tannins (CT; Tedeschi et al., 2021a) and
a-tocopherol (Tontini et al., 2019). However, information on the occurrence and variability of these
compounds in native grasslands remains limited. These plant secondary compounds may vary
throughout the year and across different environments (Gebrehiwot et al., 2002; Haring et al., 2007;
Yang et al,, 2018; Maxin et al.,, 2020).

These bioactive compounds primarily accumulate as adaptive responses to environmental and biotic
stressors. Environmental stressors include factors such as temperature, humidity, and radiation
(Schariatipour et al, 2022, 2023). These compounds are frequently polyphenolic in nature and
may act as antioxidants by scavenging reactive oxygen species, as observed for tocopherols, or by
forming complexes with proteins, as occurs with tannins (Tedeschi et al., 2021b). Although seasonal
and environmental effects on secondary metabolites have been described in other ecosystems
(Gebrehiwot et al., 2002; Haring et al,, 2007; Yang et al., 2018; Maxin et al., 2020), such patterns have
not been well characterized in subtropical native grasslands.

In ruminant production systems, these secondary compounds may exert beneficial effects. Condensed
tannins can improve nitrogen utilization by reducing ruminal protein degradation, mitigate methane
emissions, and contribute to the control of gastrointestinal parasites (Poli et al., 2025; Mueller-Harvey
et al,, 2019). Tocopherols play a key role as antioxidants in animal tissues, improving oxidative
stability and shelf life of meat and milk products, while also contributing to animal health providing
potential benefits (Riasat et al., 2018; Jacondino et al., 2024).

Among the dominant species of the lower stratum of native grasslands in the Pampa biome, Desmodium
incanum DC. (Creeping beggarweed) and Paspalum notatum Fliggé (bahiagrass) stand out as
representative legume and grass species, respectively (Boldrini, 2009; Caumo et al., 2021). Desmodium
incanum is a perennial legume well adapted to continuously grazed systems under controlled stocking
rates, partly due to the adhesive nature of its seeds, which favors persistence in pasture environments.
Its forage availability is highest during spring, although dry matter accumulation extends into summer.
Previous studies have identified D. incanum as a potential source of condensed tannins and
a-tocopherol in Pampa grasslands (Tontini et al., 2019), highlighting its relevance for animal nutrition
and meat quality (Descalzo and Sancho, 2008; Piluzza et al.,, 2014). Paspalum notatum, commonly
known as bahiagrass, is a prostrate, dense perennial grass characterized by underground stems
connected through rhizomes, propagating both by seeds and rhizomes, showing high adaptability to
sandy and low-fertility soils, and presenting greater forage production during the warmer months of
the year (Wallau et al,, 2019).

We hypothesized that D. incanum will exhibit higher concentrations of phenolic compounds and
a-tocopherol than P notatum, and that these compounds will vary in response to seasonality and
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environmental conditions, potentially influencing the nutritional quality of forage for ruminants.
Therefore, the objective of this study was to determine the effects of season and regional characteristics
on the concentrations of total phenolics, condensed tannins, and a-tocopherol in one of the main grass
and legume species of the Pampa and Atlantic Forest biomes. This study provides essential insights
into the biochemical composition of native forage species and their seasonal variations. The native
grasslands harbor significant antioxidant compounds that remain largely unexplored and offer great
potential for enhancing animal performance, improving the quality of animal products (meat
and milk), and contributing to environmental sustainability. Additionally, we believe that this study
provides valuable baseline data to support future research on native forage species and their role in
grazing systems.

2. Material and methods

We analyzed biochemical characteristics of D. incanum and P. notatum leaves, collected in subtropical
native Brazilian grasslands. Sample collections were carried out monthly from January 2019 to
February 2020 in eight different areas, located in different physiographic regions of the southernmost
state of Brazil, Rio Grande do Sul (RS). All the sites were areas that have been grazed by beef cattle.

As shown in Figure 1, of the eight sites, six are located in the RS Pampa biome: 1) coastal plain
(municipality of Tavares: 31°23'38.0" S and 51°9'22.3” W, 3 m above sea level); 2) central valley
(Eldorado do Sul: 30°06'09.4" S and 51°40'56.0" W, 46 m); 3) southeast hills (Encruzilhada do Sul:
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Figure 1 - (A) Brazil (yellow); (B) Rio Grande do Sul State (orange); (C) Pampa and Atlantic Forest biomes;
(D) assessed areas of native grasslands in the Pampa Biome: (1) Tavares; (2) Eldorado do Sul; (3)
Encruzilhada do Sul; (4) Acegud; (5) Lavras do Sul; (6) Alegrete; and in the Atlantic Forest Biome: (7)
Jaquirana; (8) Vacaria.
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30°23'28.1" S and 52°28'02.3" W, 200 m); 4) south (Acegua: 31°38'55.0" S and 54°09'26.0" W, 167 m); 5)
southwest (Lavras do Sul: 30°41'55.0" S and 53°58'12.0" W, 330 m); and 6) west (Alegrete: 30°04'09.0" S
and 55°59'28.0" W, 185 m). Two sites are located in the Atlantic Forest biome, a mountainous area in
the north: 7) Jaquirana (29°05'43.0" S and 50°22'02.0" W, 815 m) and 8) Vacaria (28°11'08.19" S and
51°01'56.40" W, 970 m). There was no D. incanum in Acegua and Vacaria, and no P. notatum in Tavares.
The soil chemical analysis was carried out at a depth of 0 - 20 cm of all research sites in both biomes
and the values are shown in Table 1.

The climate of the Pampa biome is classified as humid subtropical “Cfa”, according to the Képpen
(1948) classification system. In 2019, the annual accumulated precipitation averaged 1396 mm, and
the annual temperature averaged 19.5 °C. In the mountain area (Atlantic Forest biome), the climate
is classified as temperate humid “Cfb”, according to the Képpen classification. In 2019, the average
temperature was 15.1 °C, and the average accumulated precipitation was 1850 mm. Climatic data were
summarized by season for each research site, including total precipitation, maximum, minimum, and
mean air temperature, relative humidity, and solar radiation (Table 2). Seasonal averages and totals
were used to characterize environmental conditions during the study period.

At each research site, three paddocks measuring approximately 3 to 10 hectares were selected for the
monthly collections of D. incanum and P. notatum. Sampling was consistently conducted in the same
paddocks throughout the experimental period in order to reduce spatial variability. Leaf sampling
of both species was performed randomly within each paddock, with sampling points distributed
across the entire paddock area to adequately represent spatial heterogeneity. Plants were sampled
at variable distances from each other, avoiding collections concentrated in a single location. For each
identified plant, between 10 and 20 fully expanded leaves were collected from multiple individuals
distributed throughout the paddock. Correct taxonomic identification of the species was carried out
in the field using a botanical identification guide (Nabinger and Dall’Agnol, 2019), based on diagnostic
morphological traits. Both species are perennial and reproduce predominantly through vegetative
propagation under natural conditions, which may result in relatively homogeneous populations within
paddocks. Nevertheless, sampling prioritized the collection of leaves from numerous individual plants
to minimize potential intraspecific variability. For each species, a single composite sample per site and
per month was formed, consisting of approximately 200 g of fresh material, corresponding to at least
50 g of dry matter (DM). This amount was obtained by collecting leaves from dozens of individual
plants, as only leaves were harvested, and entire plants were not removed. This sampling strategy
was considered sufficient to represent the plant population within each paddock while minimizing
disturbance to the vegetation.

Table 1 - Soil chemical attributes of the research sites located in the Pampa biome and Atlantic Forest biome from
samples collected at a depth of 0-20 cm

) Soil pH P K Al¥* Ca? Mg?* Base* Al**

site in water (mgkg™) (cmolc kg™) saturation (%)
Pampa biome
Acegua 5.6 2.2 119.3 1.1 6.0 2.7 58.4 11.3
Alegrete 5.4 2.4 142.3 0.3 11.1 4.4 68.0 2.1
Eldorado do Sul 4.5 2.3 53.3 1.9 1.2 1.7 32.3 389
Encruzilhada do Sul 4.8 1.9 33.0 1.2 0.9 0.2 25.7 49.3
Lavras do Sul 4.9 5.3 134.7 0.8 4.2 1.7 52.5 10.8
Tavares 48 3.9 28.7 0.8 0.2 1.3 31.7 333
Atlantic Forest biome

Jaquirana 48 3.6 106.7 5.9 1.2 0.1 12.6 78.8
Vacaria 5.0 2.6 70.3 3.7 1.3 0.6 235 62.0

* Base saturation = (Ca + Mg + K)/(Al + Ca + Mg + K) x 100.
** Al saturation = Al/(Al + Ca + Mg + K) x 100.
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Table 2 - Seasonal climate data of accumulated precipitation, air temperature (minimum, maximum, and mean),
humidity and radiation for each research site in 2019, obtained from the weather stations of the Brazilian
National Institute of Meteorology (INMET) closest to each research site

Precipitation =~ Max. Temp. Min. Temp. Mean Temp. Humidity Radiation

site Season (mm) () (C) (C) ) 0d/m?)
Acegua Summer 553.2 27.30 3.90 14.40 79.10 1330.85
Autumn 2339 32.00 10.80 4.80 66.06 2217.50
Winter 388.2 25.20 2.50 14.40 80.56 806.85
Spring 538 27.20 6.40 15.70 84.47 1048.01
Alegrete Summer 729.6 29.30 4.50 16.10 77.36 544.33
Autumn 261 31.30 4.10 18.30 83.41 1321.67
Winter 270 24.50 1.20 13.40 82.03 880.51
Spring 426.2 26.40 3.30 15.30 83.58 1113.47
Eldorado do Sul Summer 294.2 28.20 4.60 16.40 85.38 1409.01
Autumn 505.4 30.30 5.10 17.90 88.90 1368.19
Winter 358.8 24.60 1.80 13.80 79.05 990.97
Spring 387.4 25.40 5.30 14.90 88.95 1188.36
Encruzilhada do Sul Summer 333 31.60 8.40 18.60 73.39 1661.25
Autumn 274.6 34.80 6.90 20.40 76.79 1391.26
Winter 534.2 26.00 3.20 12.60 89.87 741.33
Spring 517 30.40 7.30 17.40 77.91 1031.38
Jaquirana Summer 462.4 33.8 11.7 209 70.85 1628.4
Autumn 497 36.5 10.7 23.1 75.47 13119
Winter 309.4 30 5.7 16 83.71 789.34
Spring 654.8 32.8 10.5 20.6 74.59 1021.24
Lavras do Sul Summer 524.4 33.40 7.60 18.50 72.15 1064.9
Autumn 322.6 33.20 8.00 22.20 71.68 1135.48
Winter 535 26.00 3.20 12.60 89.87 741.33
Spring 573.8 28.60 9.10 19.20 75.27 1034.10
Tavares Summer 136 32.80 6.50 19.00 70.69 1167.2
Autumn 361 36.00 3.90 20.80 73.42 1492.22
Winter 406.6 22.40 6.00 11.60 82.27 591.34
Spring 316.2 30.50 7.30 17.60 77.47 1067.57
Vacaria Summer 456 32.30 8.70 18.70 70.37 1655.96
Autumn 435.6 34.40 6.70 20.70 75.64 1389.5
Winter 287.6 27.70 4.30 13.80 86.86 776.3
Spring 546.6 30.50 7.10 17.80 78.52 1030.8

Immediately after collection, samples were placed in plastic bags and stored in a liquid N to avoid
tissue oxidation and degradation. These samples were then freeze-dried and kept under refrigeration
in the dark to determine total phenolic compounds (TP), protein-precipitable phenolics (PPP), and
a-tocopherol. The freeze-dried samples were ground in coffee grinders and stored in 15-g plastic
bottles with seal-type lid, wrapped in aluminum foil, and refrigerated.

To represent each season, samples of each species were pooled as follows: samples collected in
January and February were combined to represent summer; May and June represented autumn;
July and August represented winter; September and October represented spring; and November and
December represented the spring-summer period. After laboratory processing, the two monthly
samples corresponding to each season were pooled to form a single composite sample. The legume
D. incanum was in the reproductive phase (flowering + fruiting) from October to May, while it remained
in the vegetative phase from June to September. This species is capable of both self-fertilization
(autogamy) and cross-fertilization (allogamy) under natural conditions. The grass P. notatum exhibited
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a reproductive period (flowering) from November to April and a vegetative period from May to October,
and most naturally occurring biotypes of this species reproduce predominantly by apomixis, although
sexual reproduction via cross-fertilization may also occur.

2.1. Total phenolic compounds and condensed tannin analyses

Following Naumann et al. (2013), species-specific standards were created for each plant species using
CT extracts purified on Sephadex LH-20 (GE Healthcare Bio-Sciences Corp, Piscataway, NJ, USA) and
lyophilized to recover purified CT. For CT extraction, 20 g of plant tissue was processed using 250 mL
of an acetone-water mixture (7:3, v/v). The aqueous phase, which retained the CTs, was separated,
and the remaining acetone was eliminated under reduced pressure. The extract was then combined
with Sephadex LH-20 in a slurry prepared with an equal mixture of methanol and water (1:1, v/v).
To remove unwanted compounds, multiple washes were performed with the same methanol-water
solution until the absorbance at 280 nm dropped to 0.10 or lower. The CT bound to Sephadex were
subsequently eluted using acetone-water (7:3, v/v), and any remaining acetone was evaporated with
an air stream or vacuum. Finally, the aqueous fraction containing the CT was frozen at -80 °C and
lyophilized for further analysis.

Condensed tannin biological activity was estimated through the analysis of PPP. As described by
Cooper et al. (2014) and Naumann et al. (2014), the PPP concentrations of warm-season legumes are
highly correlated (R* = 0.81) to the percentage of total CT. Therefore, in this study, PPP was used as
an estimate of the concentration of bioreactive CT. The PPP was analyzed by the modified method of
Hagerman and Butler (1978), and a more reduced-scale methodology was used, as described by
Cooper et al. (2014). To prepare the extracts, 50 mg of plant tissue was mixed with 1 mL of a 1:1 (v/v)
methanol-water solution and shaken for 30 minutes on a G10 Gyrotory® shaker (New Brunswick
Scientific Co., Inc., Edison, NJ, USA). The mixture was then centrifuged at 16,070x g for 5 minutes. For
PPP analysis, 50 pL of the supernatant was combined with 250 pL of buffer A (0.20 M acetic acid,
0.17 M sodium chloride, pH 4.9), 50 pL of bovine serum albumin, and 50 pL of methanol-water (1:1, v/v).
The solution was incubated at room temperature for 30 minutes and then centrifuged at 16,070x g for
5 minutes. The supernatant was removed by vacuum aspiration, and the protein-phenolic pellet was
washed with 250 pL of buffer A before undergoing another centrifugation and aspiration step. The
final protein-phenolic pellet was dissolved in 800 pL of an SDS/TEA solution (1% w/v sodium dodecyl
sulfate and 5% v/v triethanolamine), followed by the addition of 200 pL of FeCl; (0.01 M in 0.01 M HCI).
After 30 minutes, absorbance was measured at 510 nm, and results were quantified using species-
specific standards.

To quantify total phenols (TP), 50 uL of the supernatant from the crude plant extract was mixed with
850 pL of an SDS/TEA solution. Then, 200 pL of FeCl; was added. After 30 minutes, absorbance was
measured at 510 nm, and TP concentration was determined using external standards, following the
same procedure as the PPP assay.

2.2. a-tocopherol analysis

The a-tocopherol content was determined according to the methodology adapted from Prates et al.
(2006), using 0.2 g of plant tissue, and it was expressed as mg/kg of sample DM weight. Briefly, the
ground samples were saponified with potassium hydroxide, ethyl alcohol, and water. The solution was
vortexed for 2 min and heated to 80 °C in a water bath, stirred for 15 min, and then cooled in ice
water. Three mL of distilled water were added and the mixture was again vortexed for 2 min. Then,
the solution was centrifuged at 2500 rpm for 5 min to separate it into phases. The supernatant was
collected and added to another 15 mL Falcon tube containing anhydrous sodium sulfate. Subsequently,
this supernatant solution was also collected and added to a microcentrifuge tube, dried under
nitrogen at low temperature and then diluted in an acetonitrile, methanol, and MTBE solution, and
then the dilution was injected into the HPLC.
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The determination was performed using high-performance liquid chromatography (HPLC; SHIMADZU),
with MeOH:H,0 (93:7, v/v) as the mobile phase and a 30-cm NovaPak 4-pm column (Gérnas et al.,
2014). The analyses were performed using fluorescence detection (excitation at 295 nm and emission at
325 nm). The limit of detection (LoD) and the limit of quantification (LoQ) were 0.052 and 0.159 ppm,
respectively.

2.3. Forage chemical composition

Carbon (C) and crude protein (CP) contents were analyzed according to the AOAC methods (AOAC,
1995; method numbers: 972.43-1975 and 990.03, respectively). Neutral detergent fiber (NDF)
concentration was determined according to Van Soest et al. (1991), and acid detergent fiber (ADF)
was quantified according to Goering and Van Soest (1970).

2.4. Statistical analyses

Multivariable analysis including principal component analysis (PCA) (Jolliffe, 1986) and clustering,
using Euclidean distance and the unweighted pair-group average method, were applied to D. incanum
and P. notatum. The two multivariable analyses were carried out for each plant species. Pearson’s
correlations were performed among plant chemical and environmental characteristics.

Principal component analysis (PCA) was used to explore the interrelationships among plant biochemical
traits and environmental variables, allowing the identification of major gradients of variation in
phytochemical composition. Hierarchical cluster analysis was applied to group sampling sites and
seasonal observations according to their overall biochemical and environmental profiles. These
multivariate approaches were employed to identify patterns relevant to forage quality and antioxidant
availability in native grasslands.

The multivariable analysis included plant biochemical characteristics and seasonal climatic variables:
TP (g/kg plant), PPP (only for D. incanum), CP, NDF, ADF, a-tocopherol (mg/kg DM), mean temperature
(Tmean) (°C), minimum temperature (Tmin) (°C), maximum temperature (Tmax) (°C), precipitation
(mm), humidity (%) and radiation (k]/m?). Multivariable analyses were performed with the statistical
computing software R (R Core Team, 2020), using the “FactoMineR” (Lé et al., 2008) and “factoextra”
(Kassambara and Mundt, 2020) packages.

3. Results

Only the D. incanum legume contained PPP (Tables 3 and 4). The minimum and maximum TP values
found in D. incanum were 126.24 g/kg DM (Lavras do Sul) and 283.09 g/kg DM (Tavares), respectively.
PPP values ranged from 96.55 g/kg DM (Eldorado do Sul) to 193.30 g/kg DM (Tavares). The
a-tocopherol concentration varied from a minimum of 308.6 mg/kg DM (Jaquirana) to a maximum of
1275.52 mg/kg DM (Tavares). In P. notatum, TP and a-tocopherol concentrations were numerically
lower than in the legume but still showed variation. The minimum TP and a-tocopherol values
were 42.23 g/kg DM (Alegrete) and 4.53 mg/kg DM (Acegua), respectively. The maximum values were
71.58 g/kg DM (Eldorado do Sul) for TP and 76.68 mg/kg DM (Lavras do Sul) for a-tocopherol.

The TP, PPP, and a-tocopherol concentrations in plants varied among different seasons (Table 4).
In winter the minimum concentrations of TP and PPP were observed for both plant species. The D.
incanum plants had the maximum levels of TP in spring-summer (242.71 g/kg DM) and P. notatum in
autumn (59.5 g/kg DM). The minimum and maximum a-tocopherol concentration of D. incanum varied
from 435.06 mg/kg DM (spring) to 905.12 mg/kg DM (autumn). The values found for a-tocopherol
were numerically lower than those of the legume, with the maximum value being 95.56 mg/kg DM
(summer) and the minimum value being 10.89 mg/kg DM (spring).
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Table 3 - Average concentration of secondary compounds in leaves of Desmodium incanum and Bahiagrass
(Paspalum notatum) at different sites of native grasslands of southern Brazil

Sites! Desmodium incanum Paspalum notatum?
ites
TP PPP Tocopherol TP Tocopherol
. 53.89 4.53
Acegud NP NP NP (462 - 62) (0.16 - 19.2)
Alegrete 166.84 106.30 799.04 42.23 15.52
8 (42.8 - 235.3) (24-146.1)  (128.1-2052.1) (27-57.2) (0.7 - 39.4)
Eldorado do Sul 147.16 96.55 360.67 71.58 10.12
(68.6 - 214.3) (40.9 - 135.5) (87.2-625.6) (49.8-98.9) (0-30.8)
Encruzilhada do Sul 160.37 109.49 554.41 44.61 15.08
(49.6 - 225.4) (33.3-155.2)  (143.8-1295.5) (21.8-74.5) (0-66.12)
. 240.18 146.62 308.66 47.2 35.5
Jaquirana
(187.2-313.8) (1069 -172.1) (124.2 - 648.5) (39.3-59.3) (0-154.83)
Lavras do Sul 126.24 105.20 440.69 46.53 76.68
(3.6 -229.6) (62.2 - 146.5) (10.2 - 1595.9) (20.7-57.9) (0-322.4)
283.09 193.30 1275.52
Tavares (155 - 362.1) (133.6-236)  (275.9 - 2066.1) NP NP
. 449 52.9
Vacaria NP NP NP (28.9 - 59.8) (0 - 140.9)
SEM 16.615 7.897 261.760 5.832 25.157

TP - total phenols (g/kg DM); PPP - protein-precipitable phenolics (g/kg DM); a-tocopherol (mg/kg DM); NP - species not present; SEM - standard

error of the mean.

! The sites are located in Rio Grande do Sul State, southern Brazil, in the Pampa biome: Acegud (southwest, 31°38'55.0" S and 54°09'26.0" W, 167 m
above de sea level); Alegrete (west, 30°04'09.0" S and 55°59'28.0" W, 185 m); Eldorado do Sul (central valley, 30°06'09.4" S and 51°40'56.0" W, 46 m);
Encruzilhada do Sul (southeast hills, 30°23'28.1" S and 52°28'02.3" W, 200 m); Lavras do Sul (west, 30°41'55.0" S and 53°58'12.0" W, 330 m) and
Tavares (coastal plain, 31°23'38.0" S and 51°9'22.3" W, 3 m); in the Atlantic Forest biome: Jaquirana (mountain areas in the north, 29°05'43.0" S
and 50°22'02.0" W, 815 m) and Vacaria (mountain areas in the north, 28°11'08.19" S and 51°01'56.40" W, 970 m).

2 Bahiagrass did not present protein-precipitable phenolics.

Table 4 - Average concentration of secondary compounds in leaves of Desmodium incanum and Bahiagrass
(Paspalum notatum) in different periods of 2019 at different sites of native grasslands of southern

Brazil
v od Desmodium incanum Paspalum notatum?
ear periods
P TP PPP Tocopherol TP Tocopherol
Jan/Feb (summer) 229.24 154.64 534.28 46.95 95.56
(168.8-347.9)  (124.7-2248)  (87.2-979.6) (21.8-77.8) (0.3 - 322.4)
May/Jun (autumn) 202.23 13837 905.12 59.53 11.52
y (124.9-2482)  (90.9-1969)  (124.2-1595.9) (453 - 74.5) (0.01-39.4)
Jul/ Aug (winter] 63.91 57.94 621.60 37.85 12.63
g (3.6 - 155) (24-133.6)  (10.2-2066.1) (20.7 - 62.8) (0-66.1)
Sep/Oct (spring) 169.10 104.90 435.06 50.26 10.89
p pring (813-3023)  (62.2-1752) (125.4-1626.8) (323-63.1) (0-56.1)
Nov/Dec (spring-surmmer] 242.71 152.70 671.93 56.14 19.67
pring (1323-362.1)  (82.5-236)  (131.1-2052.1) (31.8 -98.9) (0-67.8)
SEM 15.168 7.209 238.950 4.929 21.261

TP - total phenols (g/kg DM); PPP - protein-precipitable phenolics (g/kg DM); a-tocopherol (mg/kg DM); SEM - standard error of the mean.
1 Bahiagrass did not present protein-precipitable phenolics.

Although there was variation of tocopherol concentration throughout the year (Table 4), the multivariate
PCA analysis (Table 5 and Figure 2) showed that the a-tocopherol content, mainly in P notatum, is
poorly explained by the variations observed by climatic conditions and by the chemical properties of
pastures.
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TP - total phenols (g/kg dry matter); PPP - protein-precipitable phenolics (bioreactive condensed tannins - g/kg dry matter); CP - crude protein
(% dry matter); NDF - neutral detergent fiber (% dry matter); ADF - acid detergent fiber (% dry matter); a-tocopherol (mg/kg dry matter);
Tmean (°C) - average temperature; Tmin (°C) - minimum temperature; Tmax (°C) - maximum temperature; precipitation (mm); humidity (%) and
radiation (k]/m?). The regions: Acegué (Ac), Alegrete (Al), Eldorado do Sul (El), Encruzilhada do Sul (En), Lavras (Lv), Jaquirana (]q), Tavares (Tv)
and Vacaria (Vc) in five periods May-June (1), July-August (2), September-October (3), November-December (4) and January-February (5).

Figure 2 - Biplots between the studied attributes under the influence of regions and periods for (A) Desmodium
incanum and (B) Paspalum notatum. Dendrogram using the average Euclidean distance by the UPGMA
method (Average Linkage) of the variables studied for leaves of (C) D. incanum and (D) P notatum.
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Table 5 - Correlations (PC1 and PC2) and representation quality (Cos2) between original variables and principal
components, considering plant biochemical characteristics of Desmodium incanum and Paspalum
notatum leaves and climatic variables at different sites of native grasslands of southern Brazil

Desmodium incanum Paspalum notatum

Variable

PC1 PC2 Cos2 PC1 PC2 Cos2
TP 0.64** 0.65** 0.83 0.20 -0.16 0.07
PPP 0.56** 0.72%* 0.84 - - -
CP -0.18 -0.85%* 0.76 -0.65%* 0.44** 0.61
NDF -0.47* 0.04 0.22 0.42* -0.73** 0.71
ADF -0.45* 0.22 0.25 0.66** -0.64** 0.84
Tocopherol 0.09 0.61** 0.38 0.24 0.04 0.06
Tmean 0.95%* -0.25 0.96 0.85** 0.23 0.78
Tmin 0.87** -0.05 0.77 0.83** 0.34* 0.80
Tmax 0.74** -0.50** 0.80 0.95%* 0.24 0.95
Precipitation -0.47** -0.53** 0.50 -0.23 0.64** 0.46
Humidity -0.68** 0.45*% 0.66 -0.82** -0.22 0.73
Radiation 0.83** -0.25 0.76 0.85** 0.35* 0.85
Eigenvalues 4.78 2.94 - 4.88 1.96 -
Accumulated variance (%) 39.79 64.30 - 44.40 62.23 -

TP - total phenols; PPP - protein-precipitable phenolics; CP - crude protein; NDF - neutral detergent fiber; ADF - acid detergent fiber; Tmean -
average temperature; Tmin - minimum temperature; Tmax - maximum temperature.

** Significant at P<0.01.

* Significant at P<0.05.

The PCA of D. incanum shows that the first component (PC1) accounted for 39.79% of total data
variability (Table 5 and Figure 2A) and was highly and positively correlated with six (TP, PPP, Tmean,
Tmin, Tmax, and radiation) of the 12 variables, but was highly and negatively correlated with NDF,
ADF, precipitation, and humidity. The second principal component (PC2) of D. incanum accounted for
24.51% of the variability, with a high positive correlation with TP, PPP, tocopherol and humidity, and a
high negative correlation with CP, Tmax, and precipitation.

For P. notatum, the first component (PC1) accounted for 44.40% of the total data variability (Table 5
and Figure 2B) and was highly and positively correlated with six (NDF, ADF, Tmean, Tmin, Tmax, and
radiation) of the 12 variables, but was highly and negatively correlated with CP and humidity. The
second principal component (PC2) of P notatum accounted for 17.83% of the variability, with a high
and positive correlation with CP and precipitation, and a high and negative with NDF and ADF. High
Cos2 values are associated with the color scale and correlations (Table 5 and Figure 2). The warmer the
color (red), the greater the importance of these variables.

Cluster analysis shows the dissimilarity between the different regions and periods (Figure 2C and 2D).
Two groups were formed for both D. incanum (Figure 2C) and P. notatum (Figure 2D). In D. incanum
(Figure 2C), the first group (G1 - red) stood out for the highest values of temperature (Tmean, Tmax,
Tmin), precipitation and radiation, and for the lowest values of TP, PPP, and tocopherol; in the second
group (G2 - green), on the other hand, the climate variables had the lowest values, and the highest
values were for TP, PPP, and a-tocopherol. In this group, the mean a-tocopherol level was four times
higher than in the first group (Table 6). The minimum level was 1295.53 mg/kg DM, and the maximum
level was 2066.12 mg/kg DM, while in group G1 the minimum level was 10.19 mg/kg DM, and the
maximum level was 979.64 mg/kg DM.

For P notatum (Figure 2D), the first group (G1 - red) stood out for the lowest values of temperature
(Tmean, Tmax, Tmin), precipitation, radiation, and the lowest values of TP and tocopherol; in the
second group (G2 - green), on the other hand, the climate variables had the highest values, and the
highest values were for TP and a-tocopherol (Table 6). The values in G1 were almost exclusively from
the autumn and winter periods (with the exception of Jaquirana in spring - Jq_3), and the second group
was exclusive to the summer and spring periods.

R. Bras. Zootec., 55:20250161, 2026
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Table 6 - Mean values of cluster for regions and periods for Desmodium incanum and Paspalum notatum of native
grasslands of southern Brazil

TP PPP CcpP NDF ADF Tocop Tmean  Tmin Tmax Prec Hum Rad
Desmodium incanum
G1 174.05 11799 12.77 56.97 43.05 361.11 19.15 8.40 3240 136.68 74.57 862.59
G2 229.34 154.49 9.88 57.19 4472 1680.12 16.32 6.28 2892 112.00 77.70 644.88
Paspalum notatum
G1 48.72 - 9.03 65.15 26.97 11.73 2.33 28.24 14.21 12721 80.12 553.42
G2 51.21 - 7.96 65.55 28.57 43.80 9.66 33.85 20.83 146.32 72.02 1004.79

TP - total phenols (g/kg dry matter); PPP - protein-precipitable phenolics (bioreactive condensed tannins - g/kg dry matter); CP - crude protein
(% dry matter); NDF - neutral detergent fiber (% dry matter); ADF - acid detergent fiber (% dry matter); Tocop - a-tocopherol (mg/kg dry matter);
Tmean (°C) - average temperature; Tmin (°C) - minimum temperature; Tmax (°C) - maximum temperature; Prec - precipitation (mm); Hum - air
relative humidity (%); Rad - solar radiation (kJ/m?).

The subsequent results of TP and PPP will be presented solely for D. incanum (Figure 2A) since
P. notatum exhibited low concentrations of TP and there were no bioreactive condensed tannins (PPP;
Figure 2B). The PCA, the PC1 (Figure 2A) indicates a positive correlation between mean temperature
and radiation with TP and PPP, and a negative correlation between these plant variables and
precipitation and humidity. Higher mean temperature and lower levels of precipitation and humidity
were associated with an increase in TP and PPP concentrations in the D. incanum leaves. However,
when considering different sites in the cluster analysis (Figure 2C), it becomes evident that PC2
(Figure 2A) which provides a good explanation for the separation of the clusters. The positive portion
of PC2 displays a positive relationship between the cluster formed by Tavares in autumn, winter, and
spring (from May to October), and by Lavras do Sul and Encruzilhada do Sul in autumn (May/June).
In this PC2 (Figure 2A), it was observed a negative relationship between this cluster and maximum
temperature and crude protein, and a positive relationship with TP and PPP.

The NDF and ADF leaf concentration alterations in P notatum are greater than in D. incanum (Figure 2B).
The greater the radiation and temperature (minimum and maximum), the higher the fiber content
(NDF and ADF) in P. notatum. In this species, the ADF content contributed more to the observed
variation than the NDF. Both NDF and ADF percentages show, similarly, a negative correlation with CP.

Cluster analysis (Figure 2D), including the effects of location and period on the characteristics of
P, notatum, showed that the difference between the two groups was determined mainly by the season.
This cluster analysis showed a clear distinction between autumn-winter and spring-summer. Only in
Jaquirana was spring in the same cluster as autumn-winter. This result may be due to the location
being an area with milder spring temperatures when compared to the other sites.

The D. incanum antioxidant concentrations were positively correlated with TP and with PPP and the
climatic variables minimum and maximum temperatures and solar radiation (Table 7). However, TP
and PPP were negatively correlated with CP and precipitation. Tocopherol concentration of D. incanum
did not show correlations with the climatic variables. The correlations of P notatum antioxidant
concentrations (Table 8) indicate that there was only a positive correlation between TP and minimum
temperature, and a negative correlation between a-tocopherol and CP.

4. Discussion

This study shows that both P. notatum and D. incanum can be important sources of antioxidants
such as phenolic compounds and a-tocopherol. According to Salami et al. (2023), plant antioxidant
concentrations are largely influenced by plant genetic characteristics, but the environment can also
greatly influence their synthesis and concentration. Recent studies have reinforced that interspecific
variation in antioxidant capacity is a key component of plant adaptive strategies, particularly in
grasses exposed to heterogeneous and stressful environments such as natural grasslands (Bautista

R. Bras. Zootec., 55:20250161, 2026
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et al., 2016; Qaderi et al,, 2023). There are plant species that are more likely than others to tolerate
stress through increase of the antioxidant concentrations (Peter Constabel et al., 2014) while others
depend more on growth and structural mechanisms (Briske, 1996). Our study shows that D. incanum
had greater TP and PPP concentrations in the leaves that might protect against herbivory (Tedeschi et al,,
2014). On the other hand, P. notatum may rely more on structural defenses rather than biochemical
compounds to deter herbivory, likely due to its prostrate growth habit and high variability in NDF and
ADF leaf concentrations. Structural components such as lignin, cellulose, and hemicellulose play a
crucial role in plant defense by reducing digestibility and palatability for herbivores. Among these,
lignin is the primary factor limiting cell-wall degradation (Jung and Allen, 1995), as it cross-links with
polysaccharides and proteins, making fiber less accessible to microbial fermentation in the rumen.
Since voluntary forage intake is a key determinant of ruminant performance, a higher cell-wall
concentration, particularly with increased lignification, can negatively impact nutrient availability
and overall animal productivity. This suggests that P notatum may adopt a structural defense strategy
to regulate grazing pressure and persistence in grassland ecosystems.

Shikimate, derived from erythrose 4-phosphate and phosphoenolpyruvate, forms a secondary
metabolic pathway responsible for the synthesis of tannins and a-tocopherol in plants (Hermann and
Weaver, 1999). This pathway occurs when there is a deviation from the primary metabolic pathway,
glycolysis. Glycolysis and the pentose phosphate pathway are connected by many intermediate
compounds, not only to generate energy-rich cofactors, but also to generate the carbon skeleton
required for biosynthetic reactions involved in the formation of TP, PPP, and a-tocopherol.

Therefore, as plants grow, there is an internal competition between primary and secondary metabolite
production. Plant N compounds, such as nucleic acids, amino acids, peptides, and proteins, are
examples of primary metabolites that compete with secondary compound pathways (Ramawat and
Goyal, 2020), including PPP and a-tocopherol. This indicates that, when there was greater N availability,
demonstrated by higher concentration of CP, there is a decrease in secondary metabolite biosynthesis,
as shown in this study.

Both plant species analyzed here, D. incanum and P. notatum, showed greater biosynthesis of phenolic
compounds when they were subjected to stress. The balance between primary and secondary
metabolism has been recognized as a central mechanism underlying plant responses to environmental
stress, particularly in forages growing under variable climatic conditions (Ramawat and Goyal, 2020).
There was, for example, a negative correlation of TP and PPP with precipitation. We hypothesize
that, as the plant grows, the biosynthesis of primary compounds increases (via glycolysis), while the
production of phenolic compounds decreases (via the pentose phosphate pathway) to maintain plant
homeostasis. However, when there is stress, plants reduce growth and increase the production of
phenolic compounds. These secondary metabolites are directly linked to hydrocarbon structures only
secondarily associated with lipophilic plant structures (Bryant et al., 1983; Bautista et al., 2016). Thus,
plants with more lignified structures, instead of accumulating CP, invest in phenolic compounds when
they are more susceptible to damage (herbivory, solar radiation, excess or lack of water) and when
there is development of reproductive organs.

The greater and more prolonged the plant exposure to high temperature and solar radiation, the more
damage can occur to proteins and nucleic acids. Plants protect themselves from exposure to ultraviolet
rays (Verdaguer et al,, 2017) and tend to synthesize more condensed tannin when there is greater
exposure to sunlight. These compounds are concentrated mainly in plant tissues able to repair damage
and stimulate enzyme production, thereby preventing the production of free radicals (Hemingway
and Karchesy, 1989; Heil et al,, 2002). Therefore, as observed in D. incanum leaves, greater average
air temperature favors the accumulation of TP and PPP, while greater precipitation and CP have a
negative effect on these secondary compound concentrations. The positive correlations verified in this
study between TP and PPP with Tmin, Tmean, and solar radiation for D. incanum leaves may be due
to the increase in photosynthetic reactions and, consequently, to an increase in secondary compound
formation. In summer in subtropical regions, the solar incidence can be very intense, and phenolic
compounds contribute to the control of leaf development and photoprotection.
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During our study, there were negative correlations between TP and PPP with precipitation. These
strong negative correlations might be related to the fact that, when there was rain, plants invested more
in growth than in plant secondary compounds, as discussed before. Precipitation contributes to water
availability for the plant, which favors physiological processes, such as stomata opening and closing.
This change interferes with plant nutrient reserve mobilization, development, and, consequently,
photosynthesis (Isah, 2019). In contrast to plant phenolic compound accumulation, a-tocopherol
concentration did not respond to precipitation, indicating that its concentration in leaves was more
stable than TP and PPP, and did not show great variation according to climatic conditions.

We also observed greater PPP concentration in months (from November to May) with greater
development of D. incanum inflorescences and seed production. Peter Constabel et al. (2014) explain
that, when exposed to herbivores, some plants can protect their reproductive structures by increasing
tannin content, thereby attenuating herbivory.

The a-tocopherol, as a lipid-soluble antioxidant, can protect photosynthetic membranes from oxidative
stresses (Maeda and DellaPenna, 2007). a-tocopherol leaf content was less affected by climatic
variables than TP and PPP, indicating that there were fewer changes in a-tocopherol caused by changes
in temperature, precipitation, relative humidity, and solar radiation. However, Lushchak and Semchuk
(2012) explain that a-tocopherol is mainly found in plant plasmatic membranes to protect them
against free radicals. Therefore, plant a-tocopherol concentration can increase under stress conditions,
such as high-intensity light, drought, high salinity, heavy metals, and chilling conditions. This could
indicate that environmental conditions present in native subtropical grasslands are not sufficiently
extreme to elicit measurable variation in plant a-tocopherol concentration.

Although greater amounts of TP and PPP were found when there was greater temperature and radiation,
similar to plant cell wall components, the influence of plant fiber content on TP, PPP, and a-tocopherol
was low. TP and PPP did not have a strong relationship with plant structure, despite, as mentioned
by Khoddami et al. (2013), condensed tannin and lignin being phenolic compounds that can have a
common function of protecting the plant against herbivory.

Although TP, PPP and a-tocopherol content varied due to environmental variables, these antioxidant
levels varied in different regions of the southern grasslands of Brazil. According to D. incanum cluster
analysis (Table 6), cluster G1 showed lower concentrations of TP, PPP, and a-tocopherol than G2, but,
on average, the environment in this group presented greater temperature, precipitation, and solar
radiation. Our hypothesis is that sites with higher temperature, precipitation, and solar radiation favor
greater plant growth (formation of primary compounds) to the detriment of secondary compound
production. On the other hand, we also observed that in P notatum, G2 was characterized by greater
temperature, while precipitation and solar radiation were correlated with greater TP and tocopherol
levels. Our hypothesis, therefore, is that plants that genetically produce less secondary compounds
exhibit lower competition between primary and secondary compound production. In this case, the
greater the growth, the greater the production of secondary compounds. However, further studies
should be carried out to elucidate these relationships.

Recent studies across different crop and forage species have shown that secondary metabolites,
particularly polyphenols and antioxidant compounds, are strongly influenced by both genetic
variability and environmental stress conditions. Variations in moisture availability, especially drought
stress, have been consistently associated with changes in antioxidant profiles, suggesting that these
compounds are integral components of plant stress-response strategies (Salami et al.,, 2022). Moreover,
substantial genetic variability in secondary metabolite production has been reported among genotypes
and ecotypes, indicating a significant potential for selection and adaptation under contrasting
environments (Riasat et al.,, 2018). In forage grasses, recent research has further demonstrated that
genetic differences among ecotypes influence physiological, forage, and phytochemical traits under
water deficit conditions, reinforcing the relevance of genotype x environment interactions in shaping
stress tolerance (Shariatipour et al,, 2022, 2023). Collectively, these findings highlight the importance
of integrating antioxidant-mediated stress responses and genetic variability when evaluating forage

R. Bras. Zootec., 55:20250161, 2026



16

Phytochemical potential of Desmodium incanum and Paspalum notatum in native subtropical grasslands...
Poli et al.

species, particularly in the context of climate variability and the development of resilient grassland
systems.

Taken together, the patterns observed in this study reinforce the relevance of antioxidant compounds
and other secondary metabolites as functionally important traits in native forage species, linking
plant physiological responses to abiotic factors in grazing systems. Beyond their role in plant defense
and stress tolerance, secondary metabolites such as condensed tannins and tocopherols may exert
beneficial effects at the animal and system levels. Condensed tannins can improve nitrogen use
efficiency by reducing ruminal protein degradation, mitigate methane emissions, and contribute to
the control of gastrointestinal parasites, thereby enhancing sustainability in ruminant production
systems (Mueller-Harvey et al., 2019; Poli et al., 2025). Similarly, tocopherols act as key antioxidants
in animal tissues, improving oxidative stability and shelf life of meat and milk products, while also
contributing to animal health and providing potential benefits for human consumers (Jacondino et al,,
2024). In this context, native grassland species that naturally express these compounds represent
valuable biological resources, as their phytochemical attributes may simultaneously influence pasture
resilience, forage quality, animal performance, and ecosystem functioning. Thus, understanding the
dynamics of secondary metabolites in native forage species contributes to a more integrated view of
grassland management under environmental variability.

5. Conclusions

Our study demonstrated that the legume D. incanum is an important source of bioactive compounds,
such as TP, PPP, and a-tocopherol, with higher concentrations than the grass P. notatum in the
subtropical grasslands of southern Brazil. The concentrations of these compounds varied seasonally,
with the highest TP levels observed in spring-summer (280% higher than in winter), PPP peaking
in summer (167% higher than in winter), and a-tocopherol showing a 108% increase in autumn
compared to spring.

The o-tocopherol concentration remained relatively stable and was minimally influenced by
environmental factors, suggesting that temperature and precipitation variations did not significantly
impact this antioxidant. In contrast, higher average temperatures and greater solar radiation favored
TP and PPP accumulation. In addition, environments and seasons with lower minimum temperatures
also had higher concentrations of PPP and TP.

These findings highlight the influence of seasonality and climatic conditions on the biochemical
composition of forage species. Further studies are necessary to explore the interactions between
environmental factors and the production of bioactive compounds in plants.
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