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RESUMEN

Antecedentes: Las estrategias de busqueda de nutrientes entre raices delgadas y gruesas, incluyendo la simbiosis mi-
corricica son costosas. Estas estrategias pueden variar con el indice de sinantropia (grado en que una especie se asocia
con hébitats antropogénicos), maximizando los beneficios para adquirir recursos.

Objetivos: Cuantificar la colonizacion micorricica arbuscular en especies del género Melampodium con diferente indice
de sinantropia, y determinar las correlaciones entre la colonizacién micorricica y las caracteristicas arquitecténicas y
morfoldgicas de las raices.

Métodos: Se colectaron raices de Melampodium divaricatum, M. perfoliatum y M. tepicense, con indices de sinantropia
de mayor a menor, respectivamente. Se cuantific la tasa de ramificacién de raices (RBR), longitud de raices (TRL), dia-
metro de raices de primer orden (FOR), densidad del tejido radicular (RTD), longitud de raiz especifica (SRL), colonizacién
micorricica, y se realizaron analisis quimicos del suelo.

Resultados y conclusiones: Melampodium tepicense tuvo los menores valores de FOR, los mayores de SRL, y menor
colonizacién micorricica. Melampodium divaricatum y M. perfoliatum tuvieron valores opuestos. Adicionalmente, M. di-
varicatumy M. perfoliatum tuvieron valores altos de TRL, RTD y RBR, sugiriendo que ambas estrategias, micorrizas y rai-
ces finas, son usadas para adquirir recursos, independientemente de sus relaciones filogenéticas y nutrientes del suelo.
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ABSTRACT

Background: Nutrient foraging strategies between thin and thick roots, including mycorrhizal symbionts are resour-
ce-costly, and therefore a trade-off could exist. These strategies can vary with the synanthropy index (degree to which a
species associates with anthropogenic habitats), thus maximizing the benefits for the acquisition of soil resources.

Objectives: To quantify the arbuscular mycorrhizal colonization of Melampodium species with different synanthropy
index, and to determine the correlations between arbuscular mycorrhizal colonization and the architectural and morpho-
logical root traits.

Methods: Roots of Melampodium divaricatum, M. perfoliatum and M. tepicense, with highest to lowest synanthropy in-
dex, respectively were collected. The root branching rate (RBR), total root length (TRL), diameter of first-order root, (FOR),
root tissue density (RTD), specific root length (SRL), and arbuscular mycorrhizal colonization were quantified. Additionally,
soil chemistry analyses were done.

Results and conclusion: Melampodium tepicense had lowest FOR, highest SRL and lowest arbuscular mycorrhizal coloni-
zation, whereas M. divaricatum and M. perfoliatum had the opposite values. Additionally, M. divaricatum and M. perfo-
liatum had higher TRL, RTD, and RBR, suggesting that both strategies, arbuscular mycorrhiza and fine roots, are used for
acquisition of nutrients, independently of their phylogenetic relationship and soil nutrients.
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INTRODUCTION

The plants have evolved a suite of strategies for acqui-
ring nutrients from the soil and to respond to changes
in their availability in time and space. These strategies
include architectural and morphological root traits, and
also biotic root interactions with fungi and bacteria
(Bardgett et al., 2014; Kong et al., 2017). Architectural
traits determine the spatial configuration of root sys-
tem of an individual plant and include root branching
rate (Bardgett et al., 2014). Whereas morphological
traits are features on individual roots such as total root
length, specific root length, root tissue density, and
diameter of first-order roots (Bardgett et al., 2014). It
has been suggested that plant species with thin and
thick-roots represent two strategies for foraging soil
mineral nutrients, but they are resource-costly (Eissens-
tat, 1992, Comas et al., 2014; Kong et al., 2014). The-
refore, many plants do not invest resources in multiple
nutrient-acquisition mechanisms, because there is a
trade-off between one strategy at the expense of ano-
ther (Chen et al., 2016). Recent evidence also shows
that thin and thick-roots interact in different ways with
arbuscular mycorrhizal (AM) fungi. For instance, thick
root systems are not very efficient at nutrient foraging
and they invest instead in mycorrhizal symbionts to
meet their nutrient demands (Kong et al., 2016; Lugli
et al., 2020). Additionally, thick-roots are more coloni-
zed by AM fungi because their cortex provides greater
space for mycorrhizal colonization (Kong et al., 2017).

Arbuscular mycorrhizal fungi belonging to subphylum
Glomeromycotina (Spatafora et al., 2016) are an an-
cient lineage (Strullu-Derrien et al., 2018) of obligate
biotrophs that colonize the roots of most terrestrial
plant species, including cultivated plants, around 80
% of plant species and 92 % of plant families (Wang
and Qui, 2006). Because of its important ecological
and agricultural implications, the impact of this sym-
biosis has been studied, not only, on the host plant’s
growth and development, but also on soil adherence,
soil stability, mineral redistribution, water retention and
restoration of disturbed ecosystems (Alvarez-Sanchez
and Pena, 2009; Gianinazzi et al., 2010; Cuenca, 2015;
Pickles and Simard, 2017; Ji et al., 2019; Li et al., 2020).
The relationship between AM fungi and the majority
of land plants is often of a bidirectional nature, i.e., the
fungi procure inaccessible minerals and water (Smith
and Read, 2008) to the host plant and in return they
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receive up to 20 % of photosynthates produced by the
host plant (Jakobsen and Rosendahl, 1990; Drigo et
al., 2010). Due to the improved nutrient acquisition,
mycorrhizal plants obtain other benefits; for instance,
they are better at tolerating stresses, both biotic, e.g.
herbivores, pathogens (Sharma et al., 2017) and abio-
tic drought, heavy metals, salinity (Miransari, 2010; La-
tef et al., 2016).

It is possible that root traits and AM symbionts play an
important role in the success of plants to grow in seve-
ral environments, including habitats strongly modified
by humans such as cultivated land. Plant species from
the same genus but that differ in their degree to which
they associate with anthropogenic habitats (synanthro-
py index or weediness), are suitable to evaluate if the-
re are differences in their root traits (thin vs thick) and
if these types of roots differ in their association with
AM fungi. Therefore, in the present study, the myco-
rrhizal colonization by AM fungi, and both architectu-
ral (root branching rate) and morphological (total root
length, diameter of first-order root, root tissue density,
and specific root length) traits were quantified in three
weed species from the same genus (Melampodium)
but differing in their synanthropy index (weediness).
Three Melampodium species were studied because
their phylogenetic relationships are known (Stuessy et
al., 2011), their synanthropy indexes were previously
estimated (Hanan-A et al., 2016), and also can coexist
in the same habitats (Hanan-A et al., 2016). The stu-
died species are: (i) Melampodium divaricatum (Rich.)
DC. is widespread in subtropical habitats from Mexico
to Central America, Colombia, and Brazil. It has been
introduced in Cuba, Burma, Puerto Rico and the Vir-
gin Islands. This species can be found in disturbed
sites, it blooms all year-round, and it has the highest
synanthropy index (2.06). (ii) M. tepicense B.L. Rob.
has distribution in cloud pine-oak and tropical dry
forests in the states of Nayarit, Jalisco, Colima and
Michoacén, it blooms from August to February, and
it has the lowest synanthropy index (1.67). Additio-
nally, M. divaricatum and M. tepicense (the weediest
and least weedy, respectively) differ in their life history
traits (Hanan-Alipi et al., 2021). For instance, M. di-
varicatum has a fast germination, it produces flowers
earlier, and also has a more sustained growth rate
than M. tepicense. Although M. divaricatum produ-
ces more biomass, the majority is allocated to stems,
leaves and flowers compared with M. tepicense which




allocates more biomass to roots (Hanan-Alipi et al.,
2021). These life history traits could explain the suc-
cess of M. divaricatum to colonize different habitats
including anthropogenic habitats. (iii) M. perfoliatum
(Cav.) Kunth is found in tropical dry and pine-oak fo-
rests in Mexico, Guatemala, and Costa Rica, and it
was introduced in Cuba and southern California. It
blooms all year-round, and it has an intermediate sy-
nanthropy index (2.0) between M. divaricatum and M.
tepicense (Hanan-A et al., 2016).

The specific aims of this study were: (i) to quantify the
arbuscular mycorrhizal colonization of Melampodium
species with different synanthropy index, (ii) to deter-
mine the correlations between AM colonization and
the architectural and morphological root traits. Given
that mycorrhizal plants often obtain benefits such as
greater amount of mineral nutrients, water and buffe-
ring to biotic and abiotic stresses, a range from highest
to lowest AM colonization proportional to that of sy-
nanthropy index (M. divaricatum - M. perfoliatum - M.
tepicense) was predicted. Additionally, it was expected
that AM colonization would correlate positively with
diameter of first-order root and root tissue density, but
negatively with total root length, specific root length
and root branching rate in agreement with the root
economic spectrum (Kong et al., 2017), i.e., maximi-
zing the benefits and minimizing costs for soil resource
acquisition.
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MATERIALS AND METHODS

Study site

Roots from Melampodium species and soil sampling
were carried out along a stretch of the highway San
Blas-Tepic (Federal highway Mexico 76), heading nor-
theast, past the locality of Jalcocotén, in the municipa-
lity of San Blas, in the state of Nayarit, Mexico, where
individuals of the three species have been previously
located. We sampled the roots and the soil in three
sites (Table 1) along a stretch of the highway, which
measures a total of ~8.6 km, and the distance between
two sampled points (sites) was of 2 km and 4.6 km
approximately.

The vegetation along the sampling sites is tropical
sub-deciduous (semi-deciduous) forest, however, there
is high fragmentation because of extensive crops such
as mango, coffee, avocado and banana. The climate is
warm sub-humid with rainfalls in summer (INEGI, 2017),
the minimum average precipitation (10 mm) and tempe-
rature (10.5 °C) occur in May and January respectively,
while the maximum average precipitation (943.5 mm)
and temperature (39.8 °C) occur in August and October,
respectively (Servicio Meteorolégico Nacional, 2020).

Soil chemistry
In October 2016, we collected soil samples from all
sites. The soil samples were taken using a metal core

Table 1. Localization, number of plant species sampled per site, and soil chemistry parameters in the three sites

Sites

2 3

Coordinates

21°31"44.4" N, 105° 02" 09.3" W 21° 29" 46.6" N, 105° 04’ 59.0" W  21° 31" 14.2" N, 105° 02" 59.5" W

25 M. tepicense,

Sampled plants 7 M. divaricatum

18 M. divaricatun,

14 M. perfoliatum 11 M. perfoliatum

MO (%) 8.76

N (kg ha-1) 258
P (mg kg-1) 115.3

K (Cmol kg-1) 0.7
Ca (Cmol Kg-1) 15.7
Mg (Cmol Kg-1) 7.16
pH 6.03

3.1 4.52
85 141
225.7 49.6
0.87 1.57
3.31 11.81
2.85 4.91
5.94 6.45

MO = organic matter, N = total nitrogen, P = total phosphorus, K = potassium, Ca = calcium, Mg = magnesium.




with 2.5 cm of diameter and 10 cm from the top.
Three samples from each site were collected and
homogenized them before chemical analyses were
done. The following chemical soil parameters were
determined according to the Mexican Official Stan-
dard NOM-021-PROY-NOM-021-RECNAT-2000 (DOF,
2000): soil pH in water (1:2), organic matter (OM %) by
Walkey-Black, total nitrogen (N kg ha™) by Kjeldahl,
total phosphorus (mg kg™) and potassium (K Cmol kg
") by flammometry, calcium (Ca Cmol kg™') and mag-
nesium (Mg Cmol kg') by spectrophotometry (Table
1). All analyses were carried out in the “Laboratorio
de Andlisis de Suelo, Agua y Plantas” of the “Unidad
Académica de Agricultura”, Autonomous University
of Nayarit, Mexico.

Root trait measurements

For each weed species, also in October 2016, roots
from a total of 25 flowering individuals (with the aim
of distinguishing between species) per species were
sampled. Some species sampled coexisted in two si-
tes (Table 1). The soil was carefully excavated 0-20 cm
deep. Once that part of root system was exposed, root
branches (including first and second-order roots) were
cut from the main roots and transported within a few
hours to the laboratory in plastic bags with soil. In the
case of M. tepicense, all individual plants as a who-
le because of their small size were collected, in order
to have enough root for root traits measurements and
AM colonization. In the laboratory, the soil was remo-
ved and the roots were washed with enough tap water.
Then, a subsample of each plant’s roots was studied,
including first and second-order roots, which were
photographed alongside a 20 cm ruler to serve as a
reference scale. Subsequently, these subsamples were
dried in an oven at 60°C over a period of three days
and then weighed on an analytical balance to deter-
mine the root’s dry weight. The images were analyzed
utilizing a plugin for the image processing program
ImageJ (Rasband, 2016) called SmartRoot (Lobet et
al., 2011). Utilizing SmartRoot it was possible to es-
timate total root length (TRL, cm), volume (cm?3), and
diameter of first-order roots (FOR, cm). These parame-
ters were utilized to then calculate root tissue density
(RTD), specific root length (SRL) and root branching
rate (RBR). Root tissue density (g cm) was calculated
by dividing the root dry weight by the volume. Speci-
fic root length (m g") was calculated by dividing the
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total length of the root by the root's dry weight of the
subsample. The root branching rate was calculated by
dividing the number of first-order roots by the number
of second-order roots. In addition, the basal diameter
of stem (BDS) from all sampled plants was measured
before collecting their roots. Under field conditions the
size of flowering plants is heterogeneous, therefore,
the BDS can be used as covariable.

Arbuscular mycorrhizal measurements

In the field, a subsample of fine roots from all sampled
individuals was taken and stored in ethanol and dis-
tilled water (1:1, respectively). Roots were processed
according to the method of Koske and Gemma (1989)
and stained with trypan blue (0.05 %). The coloniza-
tion of roots was quantified by AM fungal structures
(hyphae, vesicles and arbuscules) in 15 root segments
of approximately 15 mm long per plant, and they were
fixed in polyvinyl-lacto-glycerol (PVLG). Each root frag-
ment was scanned at three equally spaced points un-
der a light microscope (ZEISS Primo Star) at 100x total
magpnification, using the cross-hair intersection me-
thod (McGonigle et al., 1990). This method consists
of scanning the presence or absence of fungal struc-
tures across the equator of each field of view (45 fields
of view) under the microscope. The AM hyphae were
identified as smooth and coenocytic hyphae (aseptate)
stained blue by trypan blue. To estimate the percenta-
ge of hyphae, vesicles and arbuscules, positive counts
were summed and weighted by the total number of
fields of view analyzed. Given that the field roots have
different thickness it is difficult to properly observe the
presence or absence of fungal structures, therefore,
these roots were not taken into consideration when
calculating percentages. Therefore, the number of
fields of view varied from 16 to 45.

Statistical analyses

All statistical tests were done using the R statistical
programming language (R Core Team, 2020). Before
running the tests, we performed a graphic data explo-
ration to check for outliers, homogeneity of variance,
and normality, and to evaluate the best potential mo-
dels with which to analyze each type of response varia-
ble (Zuur et al., 2010). For all the models, we verified
whether the residuals were normally distributed, the
variances were homogeneous, and when it was neces-
sary the variables were transformed.




To test for differences in the BDS between species, we
used one-way ANOVA. To meet the model’s assump-
tions, the Neperian logarithmic transformation was
applied to the BDS. To test whether the variables TRL,
RTD, SRL, FOR, RBR and the colonization by hyphae
differed between species, ANCOVA was used; the
BDS was used as a covariable. To meet the model’s
assumptions, the SRL and RBR were transformed with
Neperian logarithm. The square root transformation
was applied to TRL, RTD, FOR, and the percentage of
hyphae.

Vesicles and arbuscules were analyzed as binary varia-
bles (presence/absence) because several individuals
did not show these fungal structures. For these binary
variables, generalized linear models (GLM) with a qua-
sibinomial error structure and the logit link function
were used. For both ANCOVA and GLM, when the-
re were significant differences between species these
were explored using a posteriori contrast based on
t-tests (Warnes et al., 2018).

Spearman correlation coefficients were employed to
determine the relationship between AM colonization
by hyphae and root traits (TRL, RTD, SRL, FOR and
RBR), first for all the species together and then for each
one of them. The correlations were calculated separa-
tely for each root variable and the hypothesis of “true
rho is not equal to cero” was used. Given that vesicles
and arbuscules were binary variables, these data were
not used in the Spearman correlation.

RESULTS

Root trait measurements
The weed species differed significantly in the BDS (F,,,
= 33.38, P < 0.001), Melampodium divaricatum and
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M. perfoliatum had the higher BDS (mean + standard
error: 1.472 + 0.137 cm and 2.116 + 0.313 cm, res-
pectively), and differed significantly with M. tepicense
(0.524 = 0.026 cm).

For all root traits there were statistically significant
differences between the weed species (Table 2). Me-
lampodium divaricatum was the weed species with the
highest values of RTD (0.350 = 0.018 g cm®), compa-
red with M. perfoliatum (0.291 + 0.028 g cm®) and M.
tepicense (0.238 + 0.056 g cm?), which did not differ.
TRL, FOR, and RBR showed significant differences be-
tween species in agreement with a posteriori contrast,
the values matched with the synanthropy index from
highest to lowest: M. divaricatum (TRL: 84.180 = 7.429
cm, FOR: 1.955 = 0.157 cm, RBR: 30.304 = 2.625), M.
perfoliatum (TRL: 69.030 + 10.799 cm, FOR: 1.693
* 0.292 cm, RBR: 19.790 + 3.825), and M. tepicense
(TRL: 22.198 £ 2.332 cm, FOR: 0.267 + 0.030 cm, RBR:
7.877 = 1.832). But in contrast, M. divaricatum was one
of the weed species with low SRL (151.117 + 78.428
m g), and there was no significant difference with M.
perfoliatum (64.213 = 31.328 m g"), while M. tepicen-
se had the highest SRL (922.273 = 191.996 m g7).
Except for RTD and SRL, root traits were found to be
related with the covariable (Table 2). In general, larger
plants developed higher TRL, FOR and RBR (Figure 1a,
b and ¢), but M. divaricatum with the intermediate BDS
and highest synanthropy index had the greatest values
of TRL, FOR and RBR compared with M. perfoliatum
and M. tepicense. Melampodium tepicense had the
lowest values of TRL, FOR and RBR (Figure 1a, b and
c), and differed significantly with the other two weed
species. M. tepicense is the weed with the lowest size
(BDS), and also lowest synanthropy index. While M.
perfoliatum had intermediate values of TRL, FOR and

Table 2. Summary of statistical results of ANCOVA for root traits and mycorrhizal colonization by hyphae, BDS (basal diameter of stem) was

used as covariate

TRL (cm) RTD (g cm?) SRL (m g™) FOR (cm) RBR Hyphae %
Source of variation df F P F P F P F P F P F P
Species 2 44875 <0.001 5.709 0.005 19.669 <0.001 79817 <0.001 34.38 <0.001 9.734 <0.001
BDS 1 58.619 <0.001 0.204 0.652 3.863 0.053 57.663 <0.001 5.166 0.026 2.258 0.137
Species:BDS 2 0.022 0.977 2.094 0.130 1.007 0.370 0.093 0.911 0.892 0.414 1.949 0.150
Residuals 69

TRL = total root length, RTD = root tissue density, SRL = specific root length, FOR = diameter of first-order root, RBR = root branching rate. Significant values

are shown in bold.




RBR, it is the weed with the greatest size but it has an
intermediate synanthropy index, and it differed signifi-
cantly of M. divaricatum and M. tepicense (Figure 1a, b
and c). Finally, we did not find significant differences in
the interaction species:covariable (Table 2).

Arbuscular mycorrhizal measurements

The arbuscular mycorrhizal colonization showed sig-
nificant differences between weed species (Table 2).
The percentage of hyphae was higher in M. divarica-
tum and M. perfoliatum, and there were no differen-

a) b)
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50
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ces between them, while M. tepicense had the lowest
percentage of hyphae (Figure 2a). The same pattern
was observed in the vesicles (Deviance, = 13.944, P =
0.001, Figure 2b) and arbuscules (Deviance, = 12.657,
P =0.002, Figure 2c).

Only for the vesicles the covariable was significant (De-
viance, = 4.482, P = 0.042), M. tepicense showed the
lowest colonization by the vesicles and it was also the
species with the lowest BDS. We did not find significant
differences in the interaction of the species with the
covariable explaining the AM colonization by hyphae

c)

60

20

BDS (cm) BDS (cm) BDS (cm)

Figure 1. Interactive effects of basal diameter of stem (BDS, covariate). a: Total root length (TRL). b: Diameter of first-order root (FOR). c: Root
branching rate (RBR) for Melampodium divaricatum (black circles), M. perfoliatum (grey triangles), and M. tepicense (grey squares). The lines
represent the regression lines with the respective confidence intervals (shaded). Different letters beside the lines indicate statistically signifi-

cant differences between the weed species according to a posteriori contrast P (<0.05). Data are given without transformation.

b
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Figure 2. a: Percentage of root colonized by hyphae. b: Presence/absence of vesicles. c: Presence/absence of arbuscules in the weed species.
The numbers in the axis y indicate the species: 1 = Melampodium divaricatum, 2 = M. perfoliatum, and 3 = M. tepicense. Means * standard
errors are given without data transformation by hyphae. Different letters indicate significant differences between species according to a pos-
teriori contrast P (<0.05).




(Table 2), vesicles (Deviance, = 0.579, P = 0.766) and
arbuscules (Deviance, = 1.966, P = 0.405).

Spearman correlation analyses showed, considering
the three species, a positive correlation between myco-
rrhizal colonization by hyphae, and TRL, FOR and RBR
(Figure 3a, d, e). Yet, there was no correlation between
mycorrhizal colonization by hyphae and RTD (Figure
3b), and SRL (Figure 3c). But when the weed species
were analyzed separately there were no correlations
between mycorrhizal colonization by hyphae and the
root traits (Table 3).

DISCUSSION

In this study, we observed mycorrhizal colonization by
hyphae, vesicles and arbuscules in the three weeds,
our finding is consistent with previous studies, which
showed mycorrhizal colonization in weeds (Baumgart-
ner et al., 2005; Vatovec et al.,, 2005; Daisog et al.,
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2012; Li et al., 2016). The arbuscules are the specific
fungal structures that perform the exchange of nu-
trients between fungi and plants, therefore, this could
indicate a functional symbiosis in the three species.
However, the weed species could obtain different be-
nefits from their mycorrhizal symbionts in agreement
with their synanthropy index (i.e., the degree to which
a species associates with anthropogenic habitats) and
their root traits.

Melampodium tepicense is the weed with the lowest
synanthropy index and it also had the lowest arbuscular
mycorrhizal colonization. Lower AM colonization in this
species was consistent with its smallest FOR and grea-
test SRL, compared with M. divaricatum and M. perfo-
liatum. Our findings agree with other studies showing
the same pattern (Comas et al., 2014; Vega-Frutis et
al., 2015; Kong et al., 2016, Wen et al., 2019). But in
contrast, it has been suggested that species with high
SRL produce a higher TRL and RBR (Liu et al., 2015;

4
FOR (cm)

Figure 3. Relationships between mycorrhizal colonization by hyphae and root traits for the three species. Scatterplots show the relationship
between mycorrhizal colonization and a: Total root length (TRL). b: Root tissue density (RTD). c: Specific root length (SRL). d: Diameter of
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first-order root (FOR). e: Root branching rate (RBR). Data are given without transformation.

Table 3. Spearman correlation coefficients between arbuscular mycorrhizal colonization by hyphae and root traits

Hyphae (%)
All species M. divaricatum M. perfoliatum M. tepicense

Variables rho P rho P rho P rho P
TRL (cm) 0.329 0.004 0.049 0.816 -0.069 0.742 0.226 0.276
FOR (cm) 0.359 0.002 0.037 0.859 -0.096 0.646 0.116 0.580
RTD (g cm?) 0.139 0.235 0.090 0.667 0.152 0.467 0.065 0.755
SRL (m g) 0.123 0.293 0.145 0.487 0.105 0.617 0.198 0.341
RBR 0.271 0.019 0.061 0.774 -0.040 0.846 0.076 0.716

TRL = total root length, FOR = diameter of first-order roots, RTD = root tissue density, SRL = specific root length, RBR = root branching rate. Significant

values are shown in bold.




Kramer-Walter et al., 2016). However, M. tepicense had
the lowest values of these root parameters. A previous
experiment, under common-garden, showed that this
weed produced lower total dry biomass, but used a
relatively larger part of its biomass for roots than M.
divaricatum (Hanan-Alipi et al., 2021). These findings
suggest that roots of M. tepicense could have pheno-
typic plasticity and can respond to soil conditions (field
vs experiment). Additionally, M. tepicense with a lower
RTD, and highest SRL may increase the volume of soil
explored and enable faster acquisition of mineral nu-
trients, hence, this could explain our results (Comas
and Eissenstat, 2004; Lugli et al., 2020).

Melampodium divaricatum and M. perfoliatum had the
greater values of the FOR. Thick-root species have hi-
gher construction cost per unit root length, i.e., low
SRL, as it was observed. Also, species with thick-root
allocate more carbon to AM fungi to increase absorpti-
ve surfaces by trusting more on finely structural fungal
hyphae, thus, often show lower values of TRL, RBR and
RTD, but greater root lifespan (Liu et al., 2015; Kra-
mer-Walter et al., 2016). Our findings are consistent
with several studies (Liu et al., 2015; Chen et al., 2016)
showing the same pattern, but opposite with the grea-
ter values observed for TRL, RBR and RTD. It is pro-
bable that M. divaricatum and M. perfoliatum would
benefit by investing in both strategies at the same
time, i.e., smaller diameter of hyphae could efficiently
explore large soil volumes and the roots could obtain
mineral nutrients around (Lugli et al., 2020). Species
that have higher RBR may be able to proliferate into
localized patches of nutrients in the soil (Kramer-Walter
etal., 2016). A previous experiment showed that M. di-
varicatum had a fast germination and sustained growth
rate than M. tepicense (Hanan-Alipi et al., 2021), these
life history traits along with the greater mycorrhizal co-
lonization, RBR and TRL observed in this study might
be key to explain the success of this species to colo-
nize numerous habitats compared with M. tepicense.
Opposite to our hypothesis, RTD was also significantly
highest in M. divaricatum. It has been suggested that
the plants could have high RTD and slow SRL, as in M.
divaricatum, especially in soils where nutrients are not
available. However, some studies have shown a relation
between RTD and SRL (Kong et al., 2014; Kramer-Wal-
ter et al., 2016). In our study, M. tepicense, which had
highest SRL and lower RTD seems to benefit in terms
of nutrient acquisition as it was previously mentioned.
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We also hypothesized that AM colonization would co-
rrelate positively with FOR and RTD, but negatively
with TRL, SRL and RBR. However, our hypothesis was
partially supported. Specifically, AM colonization by
hyphae showed a positive correlation with FOR, thick-
root species are generally more colonized by AM fun-
gi, because their cortices are thicker and can provide
greater space for intraradical fungal structures, and
hence a higher absorption rate (Guo et al., 2008; Bar-
dgett et al., 2014, Kong et al., 2014; Liu et al., 2015).
This finding is consistent with several investigations,
including plant species with different life histories and
phylogenetic relationships. For instance, Liu et al.
(2015) evaluated the root traits of 14 subtropical tree
species, Kong et al. (2014) in 96 subtropical plant spe-
cies, and Vega-Frutis et al. (2015) in 15 rainforest tree
and palm species. RTD is considered as an important
predictor of plant strategies (Birouste et al., 2013; Kra-
mer-Walter et al., 2016) and has been associated with
slow-growing species, although it is variable among
woody species differing in moisture availability (Comas
and Eissenstat, 2004). Also, RTD has been associated
with AM fungi, although we observed the highest my-
corrhizal colonization and RTD in M. divaricatum, we
did not find a correlation between these variables, as
we hypothesized. Liu et al. (2015) also did not find a
correlation, they evaluated 14 subtropical tree species
in China, and Lugli et al. (2020) found the same pattern
in Central Amazonia using roots from 32 plots with si-
milar soil and vegetation.

Regarding TRL, SRL and RBR, some studies have shown
that species with higher AM colonization show a nega-
tive correlation with these variables. In this study, there
was no correlation between AM fungi and SRL, this is
consistent with Liu et al. (2015) and Maherali (2014). We
observed a positive correlation between AM fungi and
both TRL and BRB, these findings were opposite to our
initial hypothesis. Other reports have demonstrated
that mycorrhizal plants often have thinner roots and
greater branching intensity (Comas et al., 2014), there-
fore suggesting that the plants could use both foraging
strategies, i.e., thin roots with more branching and my-
corrhizas for the acquisition of mineral soil nutrients,
thus maximizing the benefits and minimizing costs for
soil resource acquisition (Bardgett et al., 2014; Liu et
al., 2015). Additionally, TRL and RBR are key traits in
determining root plastic response to nutrient patches,
hence they may have high values in soils with low fer-




tility (Kong et al., 2014). Consequently, weed species
could be more competitive in environments where nu-
trients are heterogeneous in space and time (Chen et
al., 2016) such as anthropogenic habitats.

It is important to mention that we did not find any co-
rrelation between AM colonization by hyphae and root
traits when the species were analyzed separately. In a
meta-analysis used to evaluate the relationships be-
tween root architectural and mycorrhizal growth respon-
se, Maherali (2014) did not detect any relationship be-
tween the variables, probably because the plants have
the ability to respond plastically to fungal colonization.
Therefore, studies comparing inoculated and non-ino-
culated plants are necessary to test whether root traits
per se display phenotypic plasticity to colonization by
AM fungi (Comas et al., 2014, Maherali, 2014).

The weed plants were collected in three sites, but in
the first site coexisted M. tepicense and M. divarica-
tum, i.e., the species with lowest and highest weedi-
ness and also, they are the species which are closer
phylogenetically. These species had access to the
same pool of nutrients, but they showed different stra-
tegies to explore soil mineral nutrients independently
of their phylogenetic relationship, i.e., the weeds have
different foraging strategies, probably via natural se-
lection (Comas et al., 2014) given that there was no
phylogenetic signal (“tendency of related species to
resemble each other more than species drawn at ran-
dom from the same tree”, Minkemdiller et al., 2012).
Although the amount of nitrogen and phosphorus (the
phosphorus is used in an array of plant processes such
as photosynthesis and respiration) were high in the si-
tes in agreement with the Mexican Official Standard
(DOF, 2000), we did not quantify the amount available
to the plants, but the total amount. In the second site
M. divaricatum and M. perfoliatum coexisted, these
species have similar synanthropy index and there were
no significant differences in AM colonization and SRL
between them. Regarding the TRL, RTD, FOR and RBR
M. perfoliatum showed values more closer to M. diva-
ricatum than M. tepicense and this is consistent with
their synanthropy index.

Finally, roots perform multiple pivotal functions in
plants and the ecosystem functions. For instance, ab-
sorption of both mineral nutrients and water from the
soil, physical anchoring, resource storage, and vegeta-
tive reproduction. Additionally, they are the main point
of interface with soil symbiotic organisms. However,
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the role of root traits is not well understood compared
with leaf and stem traits (Kramer-Walter et al., 2016).
Future studies may incorporate more weed species to
understand how root traits, AM fungi and soil condi-
tions mediate nutrient-acquisition mechanisms.

CONCLUSIONS

The three Melampodium species showed AM coloniza-
tion, and the weediest (M. divaricatum) and least weedy
(M. tepicense) species had the highest and lowest AM
colonization, respectively. These species differed also
in their morphological and architectural root traits, su-
ggesting that they have different foraging strategies
even though phylogenetically they are closer, whereas
M. perfoliatum and M. divaricatum had similar values
regarding AM colonization and root traits, and also a
similar synanthropy index. Our findings suggest that
proximate causes are operating.

ACKNOWLEDGEMENTS
The firstauthor thanks CONACyT (project 257345) and L'Oréal-UNES-
CO for Women in Science Programme (International Rising Talents,
edition 2016). We thank Secundio Torres Arroyo for his assistance
during the field work, and Andres Prieto Pineda for his valuable as-
sistance in the field and lab work during his social service. Miguel
Santiago Vega checked the English grammar and spelling.

REFERENCES

Alvarez-Sanchez, FJ., B.J.C. Pefia, 2009. La micorriza arbuscular
como una herramienta en la restauracién ecolégica. In: Alva-
rez-Sédnchez, F.J. (ed.), Ecologia de micorrizas arbusculares y
restauracion de ecosistemas. UNAM, México, D.F. Pp. 185-206.

Bardgett, R.D., L. Mommer, F.T. de Vries, 2014. Going underground:
root traits as drivers of ecosystems processes. Trends in Ecology
and Evolution 29: 692-699. Doi: 10.1016/j.tree.2014.10.006

Baumgartner, K., R.F. Smith, L. Bettiga, 2005. Weed control and co-
ver crop management affect mycorrhizal colonization of grape-
vine roots and arbuscular mycorrhizal fungal spore populations
in a California vineyard. Mycorrhiza 15: 11-119. Doi: 10.1007/
s00572-004-0309-2

Birouste, M., E. Zamora-Ledezma, C. Bossard, |.M. Pérez-Ramos, C.
Roument, 2013. Measurement of fine root tissue density: a com-
parison of three methods reveals the potential of root dry matter
content. Plant and Soil 374: 299-313. Doi: 10.1007/s11104-013-
1874-y

Chen, W., R.T. Koide, T.S. Adams, J.L. DeForest, L. Cheng, D.M.
Eissenstat, 2016. Root morphology and mycorrhizal symbioses
together shape nutrient foraging strategies of temperate trees.
Proceedings of the National Academy of Sciences 113: 8741-
8746. Doi: 10.1073/pnas.1601006113




Comas L.H., D.M. Eissenstat, 2004. Linking fine root traits to maxi-
mum potential growth rate among 11 mature temperate tree
species. Functional Ecology 18: 388-397. Doi: 10.1111/].0269-
8463.2004.00835.x

Comas, L.H., H.S. Callahan, P.E. Midford, 2014. Patterns in root traits
of woody species hosting arbuscular and ectomycorrhizas: impli-
cations for the evolution of belowground strategies. Ecology and
Evolution 4: 2979-2990. Doi: 10.1002/ece3.1147

Cuenca, G., 2015. Las micorrizas arbusculares: aspectos tedricos y
aplicados. Ediciones IVIC, Instituto Venezolano de Investigacio-
nes Cientificas (IVIC), Caracas.

Daisog, H., C. Sbrana, C. Cristani, A-C. Moonen, M. Giovannetti,
P. Barberi, 2012. Arbuscular mycorrhizal fungi shift competitive
relationships among crop and weed species. Plant and Soil 353:
395-408. Doi: 10.1007/s11104-011-1040-3

DOF, Diario Oficial de la Federacién, 2000. Proyecto de Norma Ofi-
cial Mexicana PROY-NOM-021-RECNAT-2000 que establece las
especificaciones de fertilidad, salinidad y clasificacion de suelos.
Estudios, muestreos y anélisis. Organo del Gobierno Constitu-
cional de los Estados Unidos Mexicanos. Tomo DLXV-12: 6-74.

Drigo, B., A.S. Pijl, H. Duyts, A.M. Kielak, H.A. Gamper, M.J. Hou-
tekamer, H.T.S. Boschker, P.L.E. Bodelier, A.S. Whiteley, J.A. van
Veen, G.A. Kowalchuk, 2010. Shifting carbon flow from roots into
associated microbial communities in response to elevated at-
mospheric CO,,. Proceedings of the National Academy of Scien-
ces 107: 10938-10942. Doi: 10.1073/pnas.0912421107

Eissenstat, D.M., 1992. Cost and benefits of constructing roots of
small diameter. Journal of Plant Nutrition 15: 763-782. Doi:
10.1080/01904169209364361

Gianinazzi, S., A. Gollotte, M-N. Binet, D. van Tuinen, D. Redecker,
D. Wipf, 2010. Agroecology: The key role of arbuscular my-
corrhizas in ecosystem services. Mycorrhiza 20: 519-530. Doi:
10.1007/s00572-010-0333-3

Guo, D., M. Xia, X. Wei, W. Chang, Y. Liu, Z. Wang, 2008. Anato-
mic traits associated with absorption and mycorrhizal coloni-
zation are linked to root branch order in twenty-three Chinese
temperate tree species. New Phytologist 180: 673-683. Doi:
10.1111/j.1469-8137.2008.02573.x

Hanan-A, A.M., H. Vibrans, N.I. Cacho, J.L. Villasefior, E. Ortiz, V.A.
Gbémez-G, 2016. Use of herbarium data to evaluate weediness
in five congeners. AoB Plants 8: plv144. Doi: 10.1093/acbpla/
plv144

Hanan-Alipi, A.M., H. Vibrans, R. Vega-Frutis, C.R. Juérez-Rosete,
R. Valdivia-Bernal, J.B. Veldzquez-Fernandez, 2021. Growth,
reproduction and weediness: testing four related species on
a gradient of synanthropy. Botanical Sciences 99: 43-57. Doi:
10.17129/botsci.2599

INEGI (Instituto Nacional de Estadistica y Geografia), 2017. Anuario
estadistico y geogréfico de Nayarit 2017. INEGI, Gobierno de
Nayarit, Aguascalientes.

Jakobsen, I., L. Rosendahl, 1990. Carbon flow into soil and external
hyphae from roots of mycorrhizal cucumber plants. New Phytolo-
gist 115: 77-83. Doi: 10.1111/j.1469-8137.1990.tb00924 .x

Ji, L., W. Tan, X. Chen, 2019. Arbuscular mycorrhizal mycelial ne-
tworks and glomalin-related soil protein increase soil aggrega-
tion in Calcaric Regosol under well-watered and drought stress

VEGA-FRUTIS Y HANAN-ALIPI. Relationship between root traits and arbuscular mycorrhizal fungi in three species...

10

conditions. Soil & Tillage Research 185: 1-8. Doi: 10.1016/j.sti-
1.2018.08.010

Kong, D., C. Ma, Q. Zhang, L. Li, X. Chen, H. Zeng, D. Guo, 2014.
Leading dimensions in absorptive root trait variation across 96
subtropical forest species. New Phytologist 203: 863-872. Doi:
10.1111/nph.12842

Kong, D.L., J.J. Wang, P. Kardol, H.F. Wu, H. Zeng, X.B. Deng, Y.
Deng, 2016. Economic strategies of plant absorptive roots vary
with root diameter. Biogeosciences 13: 415-424. Doi: 10.5194/
bg-13-415-2016

Kong, D., J. Wang, H. Zeng, M. Liu, Y. Miao, H. Wu, P. Kardol, 2017.
The nutrient absorption-transportation hypothesis: optimizing
structural traits in absorptive roots. New Phytologist 213: 1569-
1572. Doi: 10.1111/nph.14344

Koske, R., J.N. Gemma, 1989. A modified procedure for staining
roots to detect VA mycorrhizas. Mycological Research 92: 486-
505. Doi: 10.1016/S0953-7562(89)80195-9

Kramer-Walter, K.R., P.J. Bellingham, T.R. Millar, R.D. Smissen, S.J.
Richardson, D.C. Laughlin, 2016. Root traits are multidimensio-
nal: specific root length is independent from root tissue density
and the plant economic spectrum. Journal of Ecology 104: 1299-
1310. Doi: 10.1111/1365-2745.12562

Latef, AA.H.A., A. Hashem, S. Rassol, E.F. Abd_Allah, A. A.Algarawi,
E. Egamberdieva, S. Jan, N.A. Anjum, P. Ahmad, 2016. Arbuscular
mycorrhizal symbiosis and abiotic stress in plants: a review. Journal
of Plant Ecology 59: 407-426. Doi: 10.1007/s12374-016-0237-7

Li, M., N.R. Jordan, R.T. Koide, A.C. Yannarell, A.S. Davis, 2016. Me-
ta-analysis of crop and weed growth responses to arbuscular my-
corrhizal fungi: implications for integrated weed management.
Weed Science 64: 642-652. Doi: 10.1614/WS-D-16-00050.1

Li, X, S. Han, X. Luo, W. Chen, Q. Huang, 2020. Arbuscular mycorr-
hizal-like fungi and glomalin-related soil protein drive the distri-
butions of carbon and nitrogen in a large scale. Journal of Soils
and Sediments 20: 963-972. Doi: 10.1007/s11368-019-02421-4

Liu, B., H. Li, B. Zhu, R.T. Koide, D.M. Eissenstat, D. Guo, 2015.
Complementarity in nutrient foraging strategies of absorptive
fine roots and arbuscular mycorrhizal fungi across 14 coexisting
subtropical tree species. New Phytologist 208: 125-136. Doi:
10.1111/nph.13434

Lobet, G., L. Pagés, X. Draye, 2011. A novel image-analysis toolbox
enabling quantitative analysis of root system architecture. Plant
Physiology 157: 29-39. Doi: 10.1104/pp.111.179895

Lugli, L.F., K.M. Andersen, L.E.O.C. Aragédo, A.L. Cordeiro, H.FV.
Cunha, L. Fuchslueger, P. Meir, L.M. Mercado, E. Oblitas, C.A.
Quesada, J.S. Rosa, K.J. Schaap, O. Valverde-Varrantes, |.P. Hart-
ley, 2020. Multiple phosphorus acquisition strategies adopted by
fine roots in low-fertility soils in Central Amazonia. Plant and Soil
450: 49-63. Doi: 10.1007/511104-019-03963-9

Maherali, H., 2014. Is there an association between root architecture
and mycorrhizal growth response? New Phytologist 204: 192-
200. Doi: 10.1111/nph.12927

McGonigle, T.P, M.H. Miller, D.G. Evans, G.L. Fairchild, J.A. Swan,
1990. A new method which gives an objective measure of co-
lonization of roots by vesicular-arbuscular mycorrhizal fungi.
New Phytologist 115: 495-501. Doi: 10.1111/j.1469-8137.1990.
tb00476.x




Miransari, M., 2010. Contribution of arbuscular mycorrhizal symbio-
sis to plant growth under different types of soil stress. Plant Bio-
logy 12: 563-569. Doi: 10.1111/j.1438-8677.2009.00308.x

Minkemdiller, T., S. Lavergne, B. Bzeznik, S. Dray, T. Jombart, K.
Schiffers, W. Thuiller, 2012. How to measure and test phyloge-
netic signal. Methods in Ecology and Evolution 3: 743-756. Doi:
10.1111/j.2041-210X.2012.00196.x

Pickles, B.J., S.W. Simard, 2017. Mycorrhizal networks and forest
resilience to drought. In: Johnson, N.C., C. Gehring, J. Jansa
(eds.), Mycorrhizal mediation of soil: fertility, structure, and car-
bon storage. Elsevier, Amsterdan. Pp. 319-339. Doi: 10.1016/
B978-0-12-804312-7.00018-8

R Core Team, 2020. R: A language and environment for statistical
computing. R foundation for statistical computing. Vienna, Aus-
tria. https://www.R-project.org/

Rasband W.S., 2016. ImageJ v. 1.50b: Image processing and analysis
in Java. National Institutes of Health, Bethesda, Maryland.

Servicio Metereolégico Nacional, 2020. https://smn.conagua.gob.
mx/es/informacion-climatologica-por-estado?estado=nay  (ac-
cessed 4 October 2020).

Sharma, E., G. Anand, R. Kapoor, 2017. Terpenoids in plant and ar-
buscular mycorrhiza-reinforced defence against herbivorous in-
sects. Annals of Botany 119: 791-801. Doi: 10.1093/aob/mcw263

Smith S.E., D. Read, 2008. Mycorrhizal symbiosis. Academic Press,
New York.

Spatafora, J.W., Y. Chang, G.L. Benny, K. Lazarus, M.E. Smith, M.L.
Berbee, G. Bonito, N. Corradi, |. Grigoriev, A. Gryganskyi, T.Y.
James, K. O'Donnel, TW. Roberson, T.N. Taylor, J. Uehling, R.
Vilgalys, M.M. White, J.E. Stajich, 2016. A phylum-level phyloge-
netic classification of zygomycete fungi based on genome-scale
data. Mycologia 108: 1028-1046. Doi: 10.3852/16-042

Strullu-Derrien, C., M-A. Selosse, P. Kenrick, FM. Martin, 2018. The
origin and evolution of mycorrhizal symbiosis: from palaomyco-

SCIENTAFUNG#RUM

(2021)Vol. 51: €1360

logy to phylogenomics. New Phytologist 220: 1012-1030. Doi:
10.1111/nph.15076

Stuessy, T.F., C. Bléch, J.L. Villasefior, C.A. Rebernig, H. Weiss-Sch-
neeweiss, 2011. Phylogenetic analyses of DNA sequences with
chromosomal and morphological data confirm and refine sec-
tional and series classification within Melampodium (Astera-
ceae, Millerieae). Taxon 60: 436-449. Doi: 10.1002/tax.602013

Vatovec, C., N. Jordan, S. Huerd, 2005. Responsiveness of cer-
tain agronomic weed species to arbuscular mycorrhizal fungi.
Renewable Agriculture and Food Systems 20: 181-189. Doi:
10.1079/RAF2005115

Vega-Frutis, R., J.C. Lopez, C. Flandes, R. Guevara, 2015. Have
male trees of the tropical rain forest evolved to minimize the
interactions with mycorrhizal symbionts? Perspectives in Plant
Ecology, Evolution and Systematics 17: 444-453. Doi: 10.1016/j.
ppees.2015.09.004

Wang, B., Y.L. Qui, 2006. Phylogenetic distribution and evolution
of mycorrhizas in land plants. Mycorrhiza 16: 299-363. Doi:
10.1007/s00572-005-0033-6

Warnes, G.R., B. Bolker, T. Lumley, R.C. Johnson, 2018. gmodels: va-
rious R programming tools for model fitting. R package version
2.18.1. https://CRAN.R-project.org/package=gmodels.

Wen, Z., H. Li, Q. Shen, X. Tang, C. Xiong, H. Li, J. Pang, M.H. Ryan,
H. Lambers, J. Shen, 2019. Tradeoffs among root morphology,
exudation and mycorrhizal symbioses for phosphorus-acquisi-
tion strategies of 16 crops species. New Phytologist 223: 882-
895. Doi: 10.1111/nph.15833

Zuur, AF., ENN. Leno, C.S. Elphick, 2010. A protocol for data
exploration to avoid common statistical problems. Me-
thods in Ecology & Evolution 1: 3-14. Doi: 10.1111/j.2041-
210X.2009.00001.x




