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Abstract  
 

Our aim was to investigate variability for salt tolerance in a collection of Panicum coloratum var. makarikariense of 

INTA EEA Rafaela, Argentina. Panicum coloratum is a C4 perennial grass to be potentially used to increase forage 

production in areas affected by abiotic factors which reduce their productivity. We evaluated the response of half-sib 

families from different accessions to increasing salt concentrations under growth chamber conditions. Germination 

percentage (GP), GP (% of control) and index of germination decreased with increasing salinity, while mean germination 

time increased (P˂0.001). After being exposed to saline conditions ungerminated seeds were able to recover in distilled 

water and many germinated. Salt tolerance was more variable between families within accessions than between 

accessions in all evaluated variables. At the seedling stage, morphological and physiological variables allowed 

differentiation among families on the basis of salt tolerance. Molecular characterization by ISSR molecular markers 

demonstrated variability within parent material and grouped families by accessions. A positive but low correlation 

between morphological and molecular distances was detected (r = 0.24; P = 0.032). Nonetheless, even after selection, 

enough molecular variability remained within tolerant families grouped by principal components analysis. In summary, 

materials of P. coloratum var. makarikariense from INTA EEA Rafaela showed both morphological and genetic 

variability for salinity tolerance and the contrasting genotypes could be used as parent materials to conduct breeding 

studies to improve salt tolerance in this species. 
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Resumen 
 

El objetivo del trabajo fue determinar la variabilidad en tolerancia a la salinidad en una colección de Panicum coloratum 

var. makarikariense existente en la estación experimental (EEA) Rafaela, INTA, Argentina. Panicum coloratum es una 

gramínea perenne tipo C4 con potencial para incrementar la productividad ganadera en zonas afectadas por factores 

abióticos. En el estudio se evaluó la respuesta de familias de medios hermanos de diferentes accesiones de P. coloratum 

al incremento de la concentración salina. El porcentaje de germinación, la germinación con respecto al tratamiento 

control y el índice de germinación, disminuyeron con el incremento de la salinidad mientras el tiempo medio de 

germinación se incrementó (P<0.001). Las semillas sobrevivieron en agua destilada luego de ser expuestas a condiciones 

salinas. En salinidad, la variabilidad entre las familias dentro de las accesiones fue mayor que entre las accesiones, en 
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todas las variables evaluadas. En estado de plántula, las variables morfológicas y fisiológicas mostraron diferencias entre 

las familias por tolerancia a la salinidad. La caracterización molecular mediante marcadores moleculares ISSR demostró 

la existencia de variabilidad en el material parental y agrupó las familias por accesiones. Entre las distancias morfológicas 

y moleculares se detectó una correlación positiva pero baja (r = 0.24; P = 0.032). No obstante, aún después de la 

selección, las familias agrupadas como tolerantes por el análisis de componentes principales mantuvieron suficiente 

grado de variabilidad. En conclusión, el material de P. coloratum var. makarikariense del INTA EEA Rafaela mostró 

variabilidad tanto morfológica como genética en tolerancia a la salinidad para ser utilizado como material parental para 

programas de selección. 

 

Palabras clave: Crecimiento de plántula, germinación, gramínea forrajera, marcadores moleculares. 
 

Introduction 

 

Salinity is one of the most serious problems affecting soils 

in arid and semi-arid areas around the world, affecting 

more than half the world’s irrigated land and 20% of the 

cultivated land (Hasegawa and Bressan 2000). Peng et al. 

(2008) suggest that the widespread increases in saline 

soils and losses of arable lands, especially in the arid and 

semi-arid areas of most countries, could be the result of 

climate change, overgrazing, mowing and inappropriate 

farming systems. Salinization in soils affects crop growth 

as well as livestock production in pastoral regions (Peng 

et al. 2008). As the area affected by salinity is increasing, 

there is an urgent need to develop cultivars of forage 

species with an improved tolerance to salinity. 

Saline stress involves both osmotic stress and ion toxicity 

(Munns 2002; De Lacerda et al. 2003), which interferes with 

ion homeostasis in plants (Huang and Redmann 1995; Huh 

et al. 2002), reducing growth by decreasing the rate of 

photosynthesis and leaf elongation (Pittaro et al. 2015). 

Salinity reduces and delays germination and emergence due 

to abnormal morphological, physiological and biochemical 

changes. It has been suggested that salt tolerance at a given 

growth stage is not strictly correlated with tolerance at other 

stages (Tobe et al. 2000) and it is generally accepted that 

plants are often more susceptible to salinity during 

germination and the seedling stage than as adults (Tober et 

al. 2007). Moreover, in order to survive saline conditions as 

an adult plant, pasture plants first have to overcome the 

inhibition of germination. 

It is well known that the first step in establishing a 

breeding program is to demonstrate that there is enough 

variability for the target characteristic in the available 

germplasm collection (Vogel and Burson 2004). Morpho-

physiological traits have been widely used to evaluate the 

genetic diversity for salt tolerance in crop species and 

over recent decades, molecular markers have been used 

extensively to study genetic diversity (Shahzad et al. 

2012). In addition to advantages such as stability, 

reproducibility, high polymorphism and reliability, 

molecular markers are not influenced by the environment 

and many individuals can be screened at the same time. 

Markers such as Inter-simple sequence repeats (ISSR) 

have been utilized widely to investigate the genetic 

variations among populations in several species 

(Ganopoulos et al. 2015), especially grasses (Jurgenson 

2005), using a primer designed from dinucleotide or tri- 

nucleotide simple repeats. 

Panicum coloratum, a warm-season C4 perennial 

grass, native to South Africa, is a cross-pollinated species 

and appears to be adapted to a wide range of soil 

conditions that makes it attractive for forage production 

in marginal areas. In particular, P. coloratum var. 

makarikariense can tolerate periods of drought followed 

by flooding (Tischler and Ocumpaugh 2004). A live 

germplasm collection belonging to INTA was assembled 

from sites where accessions had been established for more 

than 10 years and were considered adapted to different 

environmental and management conditions. Previous 

studies by our research group showed that P. coloratum is 

highly heterozygous (Armando et al. 2015) and that 

accessions in the collection represent panmictic popu-

lations (Armando et al. 2017). Aiming to develop a base 

population as the starting point for a breeding program, 

we screened the collection of Panicum coloratum var. 

makarikariense at INTA EEA Rafaela, focusing on the 

early stages of plant development, i.e. germination and 

seedling growth. 

Since there were differences in origin and possibly 

exposure to particular selection pressures among 

accessions in the collection at INTA EEA Rafaela, we 

hypothesized that there is variability in life history traits 

and other characters such as salinity tolerance within and 

among them. In this study we assessed variability in 

response to salt concentration at germination and seedling 

stages and molecular variability by ISSR markers in the 

collection of Panicum coloratum var. makarikariense at 

INTA Rafaela in an endeavor to identify suitable acces-

sions for use in a breeding program to improve salinity 

tolerance in the species. 
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Materials and Methods 

 

Plant material 

 

Four of the 7 accessions of the collection of P. coloratum 

var. makarikariense at INTA Rafaela Experiment Station 

(31°11'41" S, 61°29'55" W) were chosen for their good 

forage and seed production. A complete description of 

accessions in the collection is reported in Armando et al. 

(2013) and accessions we used are referred to as DF, ER, 

UCB and TS (TS corresponds to identified plants of 

cv. Bambatsi). In January‒March 2014 seeds were collected 

from individuals constituting families of half-siblings from 

the 4 accessions giving a total of 18 mother plants (5 mother 

plants from DF and TS and 4 from ER and UCB). 

Two different experiments were conducted to evaluate 

variability in response to increasing NaCl concentration 

at germination both within and among accessions of 

P. coloratum var. makarikariense. Incubation was per- 

formed in a growth chamber under 12-h photoperiod and 

at constant temperature (30 ± 4 °C). Seeds were moni- 

tored daily for 21 days and germinated seeds were 

recorded. A seed was considered germinated when the 

radicle was visible. For each experiment, conditions were 

set as explained below. 

 

Salt tolerance at the germination stage 

 

Experiment 1. From each of the 18 mother plants samples 

of 20 seeds were surface-sterilized with sodium hypo- 

chlorite solution (0.5%) and incubated in 5 cm diameter 

Petri dishes in 10 mL solutions of increasing NaCl 

concentrations (0, 100, 200, 300 and 400 mM NaCl) in a 

complete randomized block design with 3 replicates, i.e. 

270 samples. 
 

Experiment 2. For each of the 18 mother plants, samples 

of 20 seeds were placed in Petri dishes in 10 mL solutions 

of NaCl concentrations (0, 75 and 150 mM NaCl) in a 

complete randomized block design with 5 replicates and 

a total of 270 samples. As before, germination was 

monitored daily for 21 d, when seeds that had not 

germinated under the solutions containing salt were 

rinsed and placed in Petri dishes with distilled water for 

10 d to evaluate their capacity to germinate under these 

conditions. 

 

Analyzed variables 

 

Germination percentage (GP) for each family was 

calculated as the ratio between the total number of 

germinated seeds and total number of seeds incubated. GP 

(% of control) (ratio of germination percentage in salinity 

treatment and mean germination percentage in control 

conditions) was calculated as the ratio between GP at each 

saline concentration and the GP at 0 mM NaCl. Mean 

germination time (MGT) was calculated as follows: 
 

MGT =  (n × d)/N, 
 

where: n is the number of seeds germinated on day d; 

d is the number of days elapsed from the beginning of the 

test; and N is the total number of germinated seeds in the 

analyzed period (21 d) (Ellis and Roberts 1980; Raccuia 

et al. 2004). 

The index of germination was estimated using Timson 

modified index of germination velocity (IG) as follows: 
 

IG =  G/D 
 

where: G is the seed germination percentage at one-

day intervals; and D is the entire germination period 

analyzed (21 d) (Khan and Ungar 1984). 

The recovery of germination percentage was calcu- 

lated as follows: 
 

R = [(a-b)/(c-b)]×100 
 

where: a is the total number of seeds that germinated 

in a NaCl solution plus the number that germinated in 

distilled water after 10 d; b is the number of seeds that 

germinated in a NaCl solution; and c is the total number 

of seeds tested (Khan and Gulzar 2003; Wang et al. 2008). 

 

Salt tolerance at the seedling stage 

 

Seeds were grown in pots in a greenhouse during March 

to June at day/night temperatures of 34 °C/12 °C and light 

maintained at 623 µmol/m2/sec. Seedlings with 3‒4 

leaves were placed in plastic trays filled with aerated full-

strength Hoagland nutrient solution (Hoagland and Arnon 

1950) and maintained under these conditions for 7 days. 

In salt treatments, salt concentration was then gradually 

increased (by adding NaCl in increments of 50 mM per 

day) until final concentration of 200 mM was reached. 

Nutrient solution without NaCl was used as the control 

treatment. There were 10 plants per family and treatment 

in a complete randomized design with 2 replicates. After 

12 d of growth at the maximum NaCl concentration, 

3 plants per treatment were withdrawn and Na+ and K+ 

concentrations in fully expanded leaves were determined 

by using high-performance liquid chromatography 

(HPLC). Na+ and K+ concentrations and the relationship 

Na+:K+ were expressed as the concentration of each ion in 

saline conditions over the concentration in control 

conditions, and referred to as Na+ (cont), K+ (cont) and 

Na+:K+ (cont). After 35-day periods, seedling numbers 
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surviving (SN) were determined, 4 plants per family per 

treatment were removed and plant height (H) and leaf 

number (LN) were determined. Plants were then 

separated into aerial parts and roots, dried in an oven at 

65 °C for 72 h until constant weight was reached and 

aerial dry weight (ADW) and root dry weight (RDW) 

were determined. For each morphological character 

measured, the reduction of growth (Red) produced by salt 

stress was estimated as follows (Griffa et al. 2010): 
 

Red = [ (MXc-Xis)/MXc/n 
 

where: MXc is the median for control plants; Xis is the 

value of each salt-treated plant; and n is the number of 

replications. 

Other variables were also calculated: relative water 

content of the aerial fraction [(AFW-ADW)/ADW]; and 

ratio between aerial dry weight and root dry weight 

(ADW:RDW). 

 

Molecular characterization 

 

The 18 mother plants of P. coloratum var. makarikariense 

were studied using ISSR markers. DNA extraction was 

carried out using a modified CTAB (cetyltrimethyl 

ammonium bromide) method. About 100 mg of homoge- 

nized leaf tissue was combined with 600 µL of CTAB 

buffer [100 mM Tris-HCl; 20 mM EDTA; 1.4 M NaCl; 

1% p/v PVP (polyvinylpyrrolidone); 2% p/v CTAB; 0.2% 

v/v β-mercaptoethanol] and incubated at 60 °C for 60 min. 

After adding 600 µL of chloroform-isoamyl alcohol 

(24:1), the solution was centrifuged at 13,000 rpm for 10 

min. This was followed by precipitation with 500 µL of 

ethanol, incubation at 20 °C overnight and centrifuging at 

13,000 rpm for 2 min. The pellet was washed with 70% 

ethanol and dissolved in 200 µL of 1X TE (Tris-EDTA) 

buffer. 

Five ISSR primers were used (Table 1). Amplification 

reactions were performed in 25 µL volume containing: 

30 ng of DNA template; 2.5 mM MgCl2; 0.2 mM of each 

dNTPs (generalized abbreviation for deoxytriphospate 

nucleotides); 1.2 µM of primer; and 1.25 U of Taq 

(Thermus aquaticus) DNA polymerase in 1X buffer. PCR 

(polymerase chain) reactions were carried out in Thermo 

cycler BioRad. Initial denaturation was at 94 °C for 3 min, 

followed by 39 cycles of 94 °C for 30 sec, 40 sec at 

annealing temperature, 40 sec at 72 °C and a final 5 min 

extension at 72 °C. Amplification products were resolved 

on 1.5% agarose gels, run at 70 V in 1X TBE (Tris-borate-

EDTA) buffer for 160 min. They were visualized by 

staining with ethidium bromide and photographed under 

ultraviolet light. 

Table 1.  Polymorphic inter-simple sequence repeats (ISSR) 

used in this study. 

 

ISSR 

Primer Sequence 5´→3´ 

1 (7) (CT)8TG 

2 (14) (CAC)4GC 

3 (16) (GACA)4 

4 (19) (GATA)2(GACA)2 

5 (20) (ACTG)2ACCGACTG 

 

Statistical analyses 

 

Salt tolerance at the germination stage. Residuals of GP, 

GP (% of control) and recovery were not normal. For this 

reason, total proportion of seeds that germinated was 

analyzed using generalized linear mixed models (PROC 

GLIMMIX using events/trials syntax) treating germi-

nation as binary (0 = did not germinate, 1 = germinated) 

(Cordeiro et al. 2014). Residual of variables MGT and IG 

were normal. 

In the first assay, treatments, blocks, accessions and 

interactions between accessions and treatments were 

considered as fixed effects. 

In the second assay we analyzed the distribution of 

variability in salinity tolerance in the collection. Block 

and treatment were considered as fixed effects. Accession 

and families nested within accession were considered as 

random effects. To evaluate recovery, accession effect 

was set as fixed. 
 

Variable response to salt tolerance at the seedling stage 

and molecular characterization. Principal components 

analysis (PCA) based on the standardized Euclidean 

distance was performed with morphological and physio-

logical variables as an exploratory method. Coordinate 

analysis (PCoA) based on the standardized Jaccard 

distance (Jaccard 1908) was performed with molecular 

markers. The following diversity parameters were 

estimated: genetic diversity; percentage of polymorphic 

loci (% P); number of alleles; mean effective alleles/ 

locus; Nei’s expected heterozygosity; number of bands; 

and percentage of polymorphic bands. For m locus, 

genetic diversity (D) was estimated as: 
 

D = 1 - (1/m) (j = 1…m) (i = 1…l)pij
2 

 

where: pij was the frequency of allele i in the locus j. 

For a locus, genetic diversity was estimated as: D = 1 - (i 

= 1…l)pi
2. Then, these parameters were calculated for 

susceptible and tolerant families according to PCA. 

Correlation analysis correspondence between phenotypic 

and molecular matrices containing Euclidean and Jaccard, 
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respectively, was investigated through a Mantel test 

(Mantel 1967). Statistical significance was determined 

using 1,000 random permutations. In this test, a 

correspondence measure (rxy) was calculated between the 

elements of 2 matrices, X and Y. 

All analyses were performed in SAS version 9.2 (SAS 

2010) and Infostat/Infogen (Balzarini and Di Rienzo 

2011; Di Rienzo et al. 2011). 

 

Results 
 

Salinity tolerance at the germination stage 

 

In order to evaluate the variable response to salinity 

among accessions at germination, 2 assays were carried 

out with different NaCl concentrations. In the first 

experiment, the interaction treatment x accession was 

significant (P = 0.014). While salinity generally reduced 

the number of germinated seeds, the magnitude of 

reduction differed among accessions (P˂0.001) (Figure 

1A). Germination was drastically reduced at concentra- 

tions above 200 mM NaCl and no seeds germinated at 

400 mM NaCl (data not shown). No significant differ- 

ences were detected in GP (% of control) with increasing 

salinity, although means were greater for accession ER at 

100 and 200 mM NaCl (Figure 1B). 

The second experiment was designed to determine 
whether variability in response to salinity was better 

explained by differences between accessions or 
differences between families within accessions at salt 

concentrations below 200 mM (Table 2). For all analyzed 
variables, variance due to accessions was null. Both GP 

and index of germination velocity (IG) decreased with 
increasing salt concentrations in the germination media 

(75 and 150 mM NaCl) with respect to control (0 mM 
NaCl, P<0.0001). The time necessary for a seed to 

germinate under saline conditions was longer than the 
time required for controls (P˂0.0001). No significant 

differences between accessions were detected for GP, IG 
and MGT (Figure 2). 

 
Table 2.  Components of variance of germination percentage 

(GP), GP (% of control), mean germination time (MGT) and 

index of germination velocity (IG) of seeds of Panicum 

coloratum var. makarikariense in saline germination medium. 

 

 GP GP (% control) MGT IG 

Accessions 0 0 0 0 

Families 0.1171 0.1171 0.08552 32.1021 

 

 

 
Figure 1.  A. Germination % (GP) in accessions of Panicum coloratum var. makarikariense (DF, ER, TS and UCB) in 0, 100, 200 

and 300 mM NaCl at 21 d. B. GP (% of control) at 100, 200 and 300 mM NaCl at 21 d. The data represent means ± s.e. Different 

letters indicate significant differences between accessions within salinity levels (P≤0.05). 
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Figure 2.  A. Mean germination time (MGT). B. Index of germination velocity (IG) in accessions of Panicum coloratum var. 

makarikariense (DF, ER, TS and UCB) in 0, 75 and 150 mM NaCl at 21 d. The data represent means ± s.e. No differences between 

accessions within salinity levels (P≥0.05) were detected. 
 

There were significant (P<0.0001) differences 
between accessions in ability to germinate in distilled 

water after being exposed to saline conditions (Figure 3). 
While some remaining seeds of all accessions 

germinated, those of accessions TS and ER showed 
higher germination percentage than those of accessions 

DF and UCB after exposure to both 75 and 150 mM 
NaCl. The final germination percentage (FGP %), i.e. 

the total number of germinated seeds from an accession, 
including those germinating in saline conditions plus 

those germinating subsequently in distilled water, varied 

significantly between accessions. While final 
germination percentages in seeds in the control 

treatment, i.e. those exposed only to distilled water, were 
similar for all accessions, final germination percentages 

in seeds exposed to saline conditions and then to distilled 
water were significantly greater for ER and TS. Overall, 

while exposure to saline conditions reduced the total 
number of seeds which germinated (FGP %) for all 

accessions, the extent of the reduction was significant 
for only UCB and DF at 75 mM NaCl and for all 4 

accessions at 150 mM NaCl. 
 

 
 

Figure 3.  A. Recovery in germination of seed of accessions of Panicum coloratum var. makarikariense (DF, ER, TS and UCB) after 

exposure to 75 and 150 mM NaCl for 21 days then incubation in distilled water for 10 d (seeds germinating in 0 mM NaCl were not 

considered for recovery). B. Final germination percentage (FGP %) of seeds of accessions of P. coloratum var. makarikariense including 

seeds germinating after exposure to saline solutions for 21 days plus seeds germinating after subsequent exposure to distilled water for 10 

days. The data represent means ± s.e. In each figure, different letters on columns indicate differences between accessions (P<0.05). 
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Salt tolerance at the seedling stage and molecular 

characterization 

 

In order to evaluate the variation in salt tolerance at the 

seedling stage, an experiment comparing responses of 

seedlings of all accessions to control (0 mM NaCl) and 

saline conditions (200 mM NaCl) was carried out under 

hydroponic conditions. Salinity affected growth of plants, 

reducing parameters such as height (H), leaf number (LN) 

and seedling number (SN) (P<0.0001) and resulting in 

lower biomass of both aerial and root components (ADW 

and RDW) as depicted in Figure 4. Relative water content 

of the aerial fraction (AFW-ADW)/ADW was the only 

variable that did not show differences between families 

with increasing salinity (P = 0.35) (data not shown). 

Significant differences in plant growth due to exposure to 

salinity were detected between families (P˂0.001) but not 

between accessions. In general, reductions in aerial and 

root growth (RedADW and RedRDW) were significantly 

lower (P<0.0001) in ER3, ER6, ER10, DF7, TS16 and 

TS23 than in other families (Figure 4). 

Tissue concentrations of ions Na+ and K+ of plants 

growing in control and saline conditions are depicted in 

Table 3. Ion concentrations in saline conditions relative to 

those in controls showed significant differences among 

families in variables such as Na+ (cont) (P˂0.0001), 

K+ (cont) (P = 0.032) (data not shown) and K+:Na+ (cont) 

(P˂0.0001) (Figure 5). 

 

 
 
Figure 4.  A. Aerial dry weight (ADW). B. Root dry weight (RDW) of plants of 18 families of 4 accessions of Panicum coloratum 

var. makarikariense in control (no NaCl in the medium) and 200 mM NaCl after 35 d. The data represent means ± s.e. 
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Table 3.  Tissue concentrations of ions in leaves of Panicum coloratum var. makarikariense growing in saline (200 mM NaCl) and 

control (0 mM NaCl) hydroponic conditions in the greenhouse. Values are the means of determinations in 3 plants from the same 

half-sib family. 

 

Family 
Na+ (nmol/g fresh weight)  K+ (nmol/g fresh weight) 

0 mM 200 mM  0 mM 200 mM 

DF2   17.3 ± 2.0 673 ± 83.6  381 ± 33.6 225 ± 46.3 

DF3   14.4 ± 2.0 902 ± 95.2  332 ± 47.2 267 ± 30.9 

DF4   12.9 ± 2.6 452 ± 92.4  351 ± 30.6 145 ± 29.0 

DF6   28.6 ± 7.3 427 ± 65.7  334 ± 43.1 157 ± 13.0 

DF7   20.8 ± 3.4 452 ± 83.7  352 ± 32.4 142 ± 20.4 

ER3   8.9 ± 0.6 457 ± 75.5  304 ± 88.3 176 ± 28.7 

ER6   19.5 ± 2.8 393 ± 94.9  239 ± 37.1 183 ± 10.1 

ER9   22.2 ± 5.3 539 ± 90.5  349 ± 49.7 174 ± 15.2 

ER10  21.5 ± 9.7 380 ± 82.2  343 ± 21.3 236 ± 20.6 

TS1   19.6 ± 4.3 634 ± 97.5  528 ± 93.9 192 ± 43.5 

TS7   21.6 ± 3.2 723 ± 94.6  395 ± 59.1 196 ± 38.0 

TS16  21.2 ± 6.1 464 ± 97.4  340 ± 15.3 167 ± 24.6 

TS21  13.7 ± 2.3 647 ± 69.9  371 ± 73.3 192 ± 33.9 

TS23  16.4 ± 3.5 573 ± 85.3  260 ± 34.0 176 ± 23.3 

UCB5  11.1 ± 2.4 473 ± 58.8  376 ± 57.9 189 ± 31.7 

UCB6  20.0 ± 9.1 486 ± 39.6  298 ± 57.2 130 ± 9.7 

UCB8  16.8 ± 4.5 755 ± 92.8  362 ± 74.3 203 ± 28.5 

UCB10 15.8 ± 2.5 713 ± 97.4  369 ± 37.7 212 ± 31.4 

 

 

 
 
Figure 5.  K+:Na+ ratio in tissue of plants grown for 21 days in saline 200 mM NaCl solutions relative to control plants for 18 

families of Panicum coloratum var. makarikariense. The data represent means ± s.e. 
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Evidence of morphological differentiation among 

families in response to salinity is depicted in the PCA 

biplot (Figure 6). The first 2 components of the PCA 

explained 62.1% of the total variation. ADW showed high 

correlation with PC1, while SN, LN, RedADW and 

RedRDW were also well represented in PC1. Na+ (cont) 

and K+ (cont) were correlated with PC2 and K+:Na+ (cont); 

RedSN was relevant as well. A group of families with low 

reduction in growth, high values for morphological 

characters, especially in roots, and low accumulation of 

sodium in leaves with salinity, comprising ER3, ER6, 

ER9, ER10, DF7, TS16 and TS23, was clearly differen- 

tiated and distinguishable from the rest (Figure 6). Then, 

by means of the PCA we divided the families into 2 

groups, i.e. susceptible and tolerant. 

In order to characterize the molecular variability 

within the evaluated material, DNA from mother plants 

was extracted and analyzed with ISSR molecular markers. 

All primers used (5) were polymorphic and produced a 

total of 124 alleles. Genetic diversity (Jaccard) was 0.317, 

effective number of alleles per locus was 1.525 and Nei’s 

expected heterozygosity and MGD were 0.326 and 0.775, 

respectively. When considering plants as belonging to 

groups (susceptible and tolerant) as differentiated in the 

PCA (Figure 6), genetic parameters were slightly 

different as shown in Table 4. 

 
Figure 6.  Variables and individual plot of principal components analysis (PCA) based on the Euclidean distance matrix calculated 

from 15 variables: aerial dry weight (ADW), root dry weight (RDW), number of seedlings (SN), leaf number (LN), height (H), 

reduction in growth of all variables (RedADW, RedRDW, RedH, RedSN, RedLN), (AFW-ADW)/ADW, (ADW:RDW) and 

Na+ (cont), K+ (cont) and K+:Na+ (cont), which are the ion concentrations in leaf tissue in saline conditions relative to the 

concentration in control conditions as explained in methods. Half-sib families (7) identified as tolerant according to morphological 

variables and ion concentration in green tissue are surrounded by the circle as explained in the text. 
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Table 4.  Genetic parameters in plants categorized as tolerant and 

susceptible to salinity according to principal components analysis. 

 

Parameter Tolerant 

plants 

Susceptible 

plants 

Genetic diversity 0.284 0.293 

Polymorphic loci 0.758 0.871 

Total alleles 109 116 

Mean effective alleles/locus 1.485 1.484 

Nei`s expected heterozygosity 0.306 0.307 

MGD (Jaccard distance) 0.790 0.754 

PCoA biplot (Figure 7), based on the ISSR distance 

matrix, provided evidence of molecular differentiation 

among accessions but failed to distinguish between 

susceptible and tolerant plants. The first two coordinates 

of PCoA explained only 23.6% of the total variation. 

Finally, the analysis between phenotypic (tested on the 

progeny) and molecular distances (tested on the maternal 

plants) by means of a Mantel test showed a significant 

positive but low correlation (r = 0.24; P = 0.038) between 

morphological and molecular distances. 

 

 
 
Figure 7.  Principal coordinate analysis (PCoA) plot based on the individual ISSR distance matrix. 
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Discussion 

 

As expected, germination was inhibited by an increase in 

salinity. These results are in agreement with previously 

reported reductions in germination caused by salinity 

stress in Panicum turgidum (El-Keblawy 2004) and 

P. miliaceum (Sabir and Ashraf 2008; Liu et al. 2015). 

Low to no germination at salt concentrations above 200 

mM NaCl was also described by Taleisnik et al. (1999) in 

Panicum coloratum var. coloratum and other Panicum 

species (Hester et al. 2001; El-Keblawy 2004). However, 

Khan and Gulzar (2003) claimed that other grass species, 

like Spartina alterniflora and Aeluropus lagopoides, 

could tolerate salt concentrations of up to 500 mM. 

Patterns of response in other parameters associated with 

germination such as MGT and IG in related species were 

also similar to those reported by Liu et al. (2015). 

Panicum coloratum as a species has been described as 

relatively tolerant of salinity (Pittaro et al. 2015), 

especially var. makarikariense (Tischler and Ocumpaugh 

2004). However, in order to develop a breeding program 

to improve tolerance of salinity, it is crucial to evaluate 

the existence of genetic variability for this character 

(Vogel and Burson 2004). In addition, it is highly 

desirable to understand the variability structure in order to 

select appropriate accessions for crossing to produce the 

desirable outcomes. 

We found that variability among families within 

accessions was higher than variation between accessions 

(Table 1). In fact, differences between accessions were 

hard to detect (Figure 1). This supports previous results 

by our research group that Panicum coloratum is a highly 

heterozygous, allogamous species, while accessions can 

be quite variable displaying a certain degree of 

phenotypic overlapping (Armando et al. 2015). A very 

similar pattern of diversity, in a variable related to 

response to an abiotic stress factor, is reported in the 

present study. Despite the fact that the accessions we 

studied were collected from non-saline areas (Armando et 

al. 2013) and differences in salinity tolerance between 

accessions were unexpected, a considerable level of 

variability in this attribute was encountered. Recovery 

tests are usually used to determine whether non-

germinated seeds following exposure to saline conditions 

are killed or germination is merely prevented by saline 

stress (Guan et al. 2009). In our assay, many seeds, which 

failed to germinate in NaCl solution, maintained the 

ability to germinate after transfer to distilled water. This 

result suggests that the inhibitory effects of salinity could 

be due to osmotic effects and not to sodium toxicity. 

Following exposure of seeds to saline solution, salt would 

enter the seed causing an inhibition of germination, 

although it was not directly toxic, allowing seeds to 

recover afterwards in pure water (Zhang et al. 2012). This 

ability of seeds to remain viable after exposure to salinity 

and to germinate when saline stress is reduced is an 

important mechanism enabling persistence under a 

stressful unpredictable environment (Keiffer and Ungar 

1995). Although all accessions had the capacity to 

recover, differences between accessions were detected. In 

particular, the superior recovering ability of seeds from 

ER and TS (Figure 3A) makes these accessions potential 

candidates for selecting genetic material that can 

germinate when saline conditions are removed, as might 

occur after a rainy season preceded by a dry period. 

As is the case with germination, salt tolerance during 

early seedling stages is critical for the establishment of 

plants in salty soils (Al-Khateeb 2006). In our assay, 

saline conditions suppressed seedling growth in all 

evaluated families but the magnitude of the suppressions 

varied markedly. In addition, plants growing in saline 

solutions accumulated additional sodium in their leaves, 

while, in general, potassium level was decreased. The 

reduction in the ratio of K+:Na+ in response to salinity has 

been reported for other forage species such as Panicum 

antidotale (Ahmad et al. 2010). 

In our experiments, we encountered variability in 

almost all characters between families at the seedling stage 

under saline conditions, indicating that plants suffered 

damage due to high salt concentration with different levels 

of injury. Morphological and biochemical variables 

allowed us to differentiate tolerant from susceptible fami- 

lies as shown in Figure 6. We identified tolerant plants as 

those producing the most biomass under salinity and 

showing lower levels of damage (reduction in growth). 

These families also showed lower values for ADW:RDW, 

indicating preferential allocation of biomass to roots, and 

also showed comparatively less damage at root level. This 

characteristic is crucial in saline areas because the main 

function of roots is to absorb water and nutrients. The lower 

decrease of RDW relative to ADW is an indicator of an 

adaptation to continue to absorb water and nutrients, albeit 

at a level below the optimum, even under salt stress 

conditions. Additionally, accumulation of toxic ions like 

Na+ in roots increases as root biomass increases, thus mini- 

mizing its negative effects in the shoot (Marschner 1995; 

Acosta-Motos et al. 2005). In general, the family groups 

pointed out as salt-tolerant in Figure 6 also showed high 

values of K+:Na+(cont) (Figure 5) indicating lower amounts 

of Na+ in leaf tissue than the susceptible ones. 
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Characterization by molecular markers showed high 

levels of variability in the germplasm collection, although 

utilization of more markers would have depicted the 

variation in the available germplasm more clearly. 

Actually, the first 2 coordinates in the PCoA (Figure 7) 

explained only 23.6% of total variation. Despite the low 

representation of the variability in the first 2 axes, plants 

congregate in the plot according to their provenance, i.e. 

the accession that they belonged to. This pattern of 

distribution of genetic variation (i.e. a higher proportion 

between accessions and a lower proportion within 

accessions) is not normally expected for an allogamous 

plant but it is in agreement with previous results from our 

research group (Armando et al. 2015). 

Molecular analysis did not allow differentiation based 

on salinity tolerance. The low correspondence between 

phenotypic and molecular variation (r = 0.26) was not 

unexpected, since most DNA markers constitute a sample 

of random genomic sites in which polymorphism has no 

effect on phenotypic characters (Holderegger et al. 2006). 

Given that P. coloratum is an allogamous species, con- 

siderable levels of genetic variation are required in a base 

population prior to performing selection to avoid 

problems due to inbreeding depression (Vogel and 

Burson 2004). This should not be a problem with this set 

of individuals since, when ER3, ER6, ER9, ER10, TS16, 

TS23 and DF7 (tolerant plants according to PCA) were 

considered in a separate group, they retained relatively 

high levels of variation, pointing out that this population, 

although small, could be used in a breeding program to 

improve tolerance to salinity (Table 2). 

In this study, we reported considerable variation in salt 

tolerance in a germplasm collection of P. coloratum var. 

makarikariense at both germination and seedling stages, 

as well as variability in molecular characterization. As 

expected for an allogamous species, variability between 

families within accessions was higher than between 

accessions for characters related to germination. Pheno-

typic characterization at the seedling stage allowed differ- 

entiation between tolerant and susceptible families by 

means of morphological traits and concentrations of ions 

in the leaves. This tolerant material, although coming 

from a low number of mother plants (n = 7), provides 

considerable levels of variability to carry out further 

cycles of selection. These preliminary findings can be 

tested by incorporating selected accessions in breeding 

programs to improve salinity tolerance in this already 

valuable pasture species. 

 

 

Acknowledgments 

 
A fellowship to LC from the National Research Council 

of Argentina (CONICET) is gratefully acknowledged. 

The authors thank N. De Marco, L. Iacopini, M. 

Giordano, V. Pilatti and C. Thompson for their advice and 

help in the assays. 

 
References 
(Note of the editors: All hyperlinks were verified 22 August 2018.) 

 
Acosta-Motos JR; Diaz-Vivancos P; Álvarez S; Fernández-

García N; Sánchez-Blanco MJ; Hernández JA. 2015. NaCl-

induced physiological and biochemical adaptative 

mechanisms in the ornamental Myrtus communis L. plants. 

Journal of Plant Physiology 183:41–51. DOI: 10.1016/ 

j.jplph.2015.05.005 

Ahmad MSA; Ashraf M; Ali Q. 2010. Soil salinity as a 

selection pressure is a key determinant for the evolution of 

salt tolerance in Blue Panicgrass (Panicum antidotale 

Retz.). Flora 205:37–45. DOI: 10.1016/j.flora.2008.12.002 

Al-Khateeb SA. 2006. Effect of salinity and temperature on 

germination, growth and ion relations of Panicum turgidum 

Forssk. Bioresource Technology 97:292–298. DOI: 10.1016 

/j.biortech.2005.02.041 

Armando LV; Carrera AD; Tomas MA. 2013. Collection and 

morphological characterization of Panicum coloratum L. in 

Argentina. Genetic Resources and Crop Evolution 60:1737–

1747. DOI: 10.1007/s10722-013-9982-3 

Armando LV; Tomás MA; Garayalde AF; Carrera AD. 2015. 

Assessing the genetic diversity of Panicum coloratum var. 

makarikariense using agro-morphological traits and micro-

satellite-based markers. Annals of Applied Biology 167: 

373–386. DOI: 10.1111/aab.12234 

Armando LV; Tomás MA; Garayalde AF; Carrera AD. 2017. 

Effect of pollination mode on progeny of Panicum 

coloratum var. makarikariense: Implications for con- 

servation and breeding. Tropical Grasslands-Forrajes 

Tropicales 5:117–128. DOI: 10.17138/TGFT(5)117-128 

Balzarini M; Di Rienzo J. 2011. Info-Gen: Software para análisis 

estadístico de datos genéticos. Facultad de Ciencias Agro-

pecuarias, Universidad Nacional de Córdoba, Argentina. 

Cordeiro MA; Moriuchi KS; Fotinos TD; Miller KE; Nuzhdin 

SV; von Wettberg EJ; Cook DR. 2014. Population 

differentiation for germination and early seedling root 

growth traits under saline conditions in the annual legume 

Medicago truncatula (Fabaceae). American Journal of 

Botany 101:488–498. DOI: 10.3732/ajb.1300285 

De Lacerda CF; Cambraia J; Oliva MA; Ruiz HA; Prisco JT. 

2003. Solute accumulation and distribution during shoot and 

leaf development in two sorghum genotypes under salt 

stress. Environmental and Experimental Botany 49:107–

120. DOI: 10.1016/S0098-8472(02)00064-3 

 

 

http://www.tropicalgrasslands.info/
http://dx.doi.org/10.1016/j.jplph.2015.05.005
http://dx.doi.org/10.1016/j.jplph.2015.05.005
http://doi.org/10.1016/j.flora.2008.12.002
http://doi.org/10.1016/j.biortech.2005.02.041
http://doi.org/10.1016/j.biortech.2005.02.041
http://doi.org/10.1007/s10722-013-9982-3
http://doi.org/10.1111/aab.12234
https://doi.org/10.17138/tgft(5)117-128
http://doi.org/10.3732/ajb.1300285
http://doi.org/10.1016/S0098-8472(02)00064-3


146   L. Cardamone, A. Cuatrín, K Grunberg and M.A. Tomás 

Tropical Grasslands-Forrajes Tropicales (ISSN: 2346-3775) 

Di Rienzo JA; Casanoves F; Balzarini MG; Gonzalez L; Tablada 

M; Robledo CW. 2011. InfoStat, Versión 2011. Grupo 

InfoStat, Facultad de Ciencias Agropecuarias, Universidad 

Nacional de Córdoba, Argentina. infostat.com.ar 

El-Keblawy A. 2004. Salinity effects on seed germination of 

the common desert range grass, Panicum turgidum. Seed 

Science and Technology 32:873–878. DOI: 10.15258/sst. 

2004.32.3.24 

Ellis RH; Roberts EH. 1980. Towards a rational basis for testing 

seed quality. In: Hebblethwaite PD, ed. Seed production. 

Butterworths, London, UK. p. 605–635. 

Ganopoulos I; Kalivas A; Kavroulakis N; Xanthopoulou A; 

Mastrogianni A; Koubouris G; Madesis P. 2015. Genetic 

diversity of Barbary fig (Opuntia ficus-indica) collection in 

Greece with ISSR molecular markers. Plant Gene 2:29–33. 

DOI: 10.1016/j.plgene.2015.04.001 

Griffa S; Ribotta  A; López Colomba E; Tommasino E; Carloni 

E; Luna C; Grunberg K. 2010. Evaluation of seedling 

biomass and its components as selection criteria for 

improving salt tolerance in Buffel grass genotypes. Grass 

and Forage Science 65:358–361. DOI: 10.1111/j.1365-

2494.2010.00754.x 

Guan B; Zhou D; Zhang H; Tian Y; Japhet W; Wang P. 2009. 

Germination responses of Medicago ruthenica seeds to salinity, 

alkalinity, and temperature. Journal of Arid Environments 73: 

135–138. DOI: 10.1016/j.jaridenv.2008.08.009 

Hasegawa P; Bressan R. 2000. Plant cellular and molecular 

responses to high salinity. Annual Review of Plant 

Physiology and Plant Molecular Biology 51:463–499. DOI: 

10.1146/annurev.arplant.51.1.463 

Hester MW; Mendelssohn IA; Mckee KL. 2001. Species and 

population variation to salinity stress in Panicum 

hemitomon, Spartina patens, and Spartina alterniflora: 

Morphological and physiological constraints. Environ-

mental and Experimental Botany 46:277–297. DOI: 

10.1016/S0098-8472(01)00100-9 

Hoagland DR; Arnon DI. 1950. The water-culture method for 

growing plants without soil. California Agricultural 

Experiment Station Circular 347. University of California, 

Berkeley, CA, USA. goo.gl/Mee8fK 

Holderegger R; Kamm U; Gugerli F. 2006. Adaptative vs. 

neutral genetic diversity: Implications for landscape 

genetics. Landscape Ecology 21:797–807. DOI: 10.1007/ 

s10980-005-5245-9 

Huang J; Redmann RE. 1995. Salt tolerance of Hordeum and 

Brassica species during germination and early seedling 

growth. Canadian Journal of Plant Science 75:815–819. 

DOI: 10.4141/cjps95-137 

Huh GH; Damsz B; Matsumoto TK; Reddy MP; Rus AM; Ibeas 

JI; Narasimhan ML; Bressan RA; Hasegawa PM. 2002. Salt 

causes ion disequilibrium-induced programmed cell death 

in yeast and plants. The Plant Journal 29:649–659. DOI: 

10.1046/j.0960-7412.2001.01247.x 

Jaccard P. 1908. Nouvelles recherches sur la distribution 

florale. Bulletin de la Société Vaudoise des Sciences 

Naturelles 44:223–270. goo.gl/82tFDG 

Jurgenson J. 2005. Analysis of genetic diversity of Iowa's native 

plant species using the Beckman CEQ 8000 genetic 

analyzer. The Iowa Living Roadway Trust Fund, Ames, IA, 

USA. goo.gl/iXnLxS 

Keiffer CW; Ungar IA. 1995. Germination responses of 

halophyte seeds exposed to prolonged hypersaline 

conditions. In: Khan MA; Ungar IA, eds. Biology of salt 

tolerant plants. Department of Botany, University of 

Karachi, Karachi, Pakistan. p. 43–50. 

Khan MA; Ungar IA. 1984. The effect of salinity and 

temperature on the germination of polymorphic seeds and 

growth of Atriplex triangularis Willd. American Journal of 

Botany 71:481–489. DOI: 10.2307/2443323 

Khan MA; Gulzar S. 2003. Light, salinity, and temperature 

effects on the seed germination of perennial grasses. 

American Journal of Botany 90:131–134. DOI: 10.3732/ 

ajb.90.1.131 

Liu M; Qiao Z; Zhang S; Wang Y; Lu P. 2015. Response of 

broomcorn millet (Panicum miliaceum L.) genotypes from 

semiarid regions of China to salt stress. The Crop Journal 

3:57–66. DOI: 10.1016/j.cj.2014.08.006 

Mantel N. 1967. The detection of disease clustering and a 

generalized regression approach. Cancer Research 27:209–

220. goo.gl/2pu2xL 

Marschner H, ed. 1995. Mineral nutrition of higher plants. 2nd 

Edn. Academic Press, London, UK. DOI: 10.1016/B978-0-

12-473542-2.X5000-7 

Munns R. 2002. Comparative physiology of salt and water 

stress. Plant, Cell & Environment 25:239–250. DOI: 

10.1046/j.0016-8025.2001.00808.x 

Peng YL; Gao ZW; Gao Y; Liu GF; Sheng LX; Wang DL. 

2008. Eco-physiological characteristics of alfalfa seedlings 

in response to various mixed salt-alkaline stresses. Journal 

of Integrative Plant Biology 50:29–39. DOI: 10.1111/j.1744 

-7909.2007.00607.x 

Pittaro G; Cáceres L; Bruno C; Tomás A; Bustos D; Monteoliva 

M; Ortega L; Taleisnik E. 2015. Salt tolerance variability 

among stress-selected Panicum coloratum cv. Klein plants. 

Grass and Forage Science 71:683–698. DOI: 10.1111/gfs. 

12206 

Raccuia SA; Cavallaro V; Melilli MG. 2004. Intraspecific 

variability in Cynara cardunculus L. var. sylvestris Lam. 

Sicilian populations: Seed germination under salt and 

moisture stresses. Journal of Arid Environments 56:107–

116. DOI: 10.1016/S0140-1963(03)00006-5 

Sabir P; Ashraf M. 2008. Inter-cultivar variation for salt 

tolerance in Proso millet (Panicum miliaceum L.) at the 

germination stage. Pakistan Journal of Botany 40:677–682. 

goo.gl/cy6wSW 

SAS. 2010. SAS Users’ guide, version 9.3. Statistical Analysis 

System (SAS) Institute Inc., Cary, NC, USA. 

Shahzad A; Ahmad M; Iqbal M; Ahmed I; Ali GM. 2012. 

Evaluation of wheat landrace genotypes for salinity 

tolerance at vegetative stage by using morphological and 

molecular markers. Genetics and Molecular Research 11: 

679–692. DOI: 10.4238/2012.March.19.2 

http://www.tropicalgrasslands.info/
http://www.infostat.com.ar/
https://doi.org/10.15258/sst.2004.32.3.24
https://doi.org/10.15258/sst.2004.32.3.24
http://doi.org/10.1016/j.plgene.2015.04.001
http://doi.org/10.1111/j.1365-2494.2010.00754.x
http://doi.org/10.1111/j.1365-2494.2010.00754.x
http://doi.org/10.1016/j.jaridenv.2008.08.009
http://doi.org/10.1146/annurev.arplant.51.1.463
https://doi.org/10.1016/S0098-8472(01)00100-9
https://goo.gl/Mee8fK
https://doi.org/10.1007/s10980-005-5245-9
https://doi.org/10.1007/s10980-005-5245-9
http://doi.org/10.4141/cjps95-137
http://doi.org/10.1046/j.0960-7412.2001.01247.x
https://goo.gl/82tFDG
https://goo.gl/iXnLxS
https://doi.org/10.2307/2443323
https://doi.org/10.3732/ajb.90.1.131
https://doi.org/10.3732/ajb.90.1.131
http://doi.org/10.1016/j.cj.2014.08.006
https://goo.gl/2pu2xL
https://doi.org/10.1016/B978-0-12-473542-2.X5000-7
https://doi.org/10.1016/B978-0-12-473542-2.X5000-7
http://doi.org/10.1046/j.0016-8025.2001.00808.x
http://doi.org/10.1111/j.1744-7909.2007.00607.x
http://doi.org/10.1111/j.1744-7909.2007.00607.x
http://doi.org/10.1111/gfs.12206
http://doi.org/10.1111/gfs.12206
https://doi.org/10.1016/s0140-1963(03)00006-5
https://goo.gl/cy6wSW
http://doi.org/10.4238/2012.March.19.2


Salt tolerance in Panicum coloratum   147 

Tropical Grasslands-Forrajes Tropicales (ISSN: 2346-3775) 

Taleisnik E; Pérez H; Córdoba A; Moreno H; García Seffino L; 

Arias C; Grunberg K; Bravo S; Zenoff A. 1999. Salinity 

effects on the early development stages of Panicum 

coloratum: Cultivar differences. Grass and Forage Science 

53:270–278. DOI: 10.1046/j.1365-2494.1998.00139.x 

Tischler CR; Ocumpaugh WR. 2004. Kleingrass, blue panic 

and vine mesquite. In: Moser LE; Burson BL; Sollenberger 

LE, eds. Warm-season (C4) grasses. Agronomy Monograph 

45. ASA, CSSA, SSA, Madison, WI, USA. p. 623–649. 

DOI: 10.2134/agronmonogr45.c18 

Tobe K; Li X; Omasa K. 2000. Seed germination and radicle 

growth of a halophyte, Kalidium caspicum (Chenopodiaceae). 

Annals of Botany 85:391–396. DOI: 10.1006/anbo.1999.1077 

Tober D; Duckwitz W; Sieler S. 2007. Plant materials for salt-

affected sites in the Northern Great Plains. Natural 

Resources Conservation Service Technical Note. United 

States Department of Agriculture, Bismarck, ND, USA. 

goo.gl/HBNWTm 

Vogel KP; Burson BL. 2004. Breeding and genetics. In: Moser LE; 

Burson BL; Sollenberger LE, eds. Warm-season (C4) grasses. 

Agronomy Monograph 45. ASA, CSSA, SSSA, Madison, WI, 

USA. p. 51–94. DOI: 10.2134/agronmonogr45.c3 

Wang L; Huang Z; Baskin CC; Baskin JM; Dong M. 2008. 

Germination of dimorphic seeds of the desert annual 

halophyte Suaeda aralocaspica (Chenopodiaceae), a C4 

plant without Kranz anatomy. Annals of Botany 102:757–

769. DOI: 10.1093/aob/mcn158  

Zhang H; Irving LJ; Tian Y; Zhou D. 2012. Influence of salinity 

and temperature on seed germination rate and the hydrotime 

model parameters for the halophyte, Chloris virgata, and the 

glycophyte, Digitaria sanguinalis. South African Journal of 

Botany 78:203–210. DOI: 10.1016/j.sajb.2011.08.008 

 

 

 

(Received for publication 31 January 2018; accepted 7 June 2018; published 30 September 2018) 

 

© 2018 

 

 
Tropical Grasslands-Forrajes Tropicales is an open-access journal published by International Center for Tropical 

Agriculture (CIAT). This work is licensed under the Creative Commons Attribution 4.0 International (CC BY 4.0) 

license. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ 

http://www.tropicalgrasslands.info/
http://doi.org/10.1046/j.1365-2494.1998.00139.x
https://doi.org/10.2134/agronmonogr45.c18
http://doi.org/10.1006/anbo.1999.1077
https://goo.gl/HBNWTm
https://doi.org/10.2134/agronmonogr45.c3
https://doi.org/10.1093/aob/mcn158
http://doi.org/10.1016/j.sajb.2011.08.008
https://creativecommons.org/licenses/by/4.0/

