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Abstract

Background: The wetlands provide important ecosystem services, but also represent a limiting environ-
ment for the organisms which are distributed there. However, these limiting factors can be overcome
thanks to the biotic interactions established by the organisms.

Study species: Acoelorraphe wrightii is a palm inhabiting coastal wetlands and is found to be associated
with arbuscular mycorrhizal fungi.

Question: The dynamic of the colonization by arbuscular mycorrhizal (AM) fungi of A. wrightii roots
was evaluated, as well as the production of spores and the richness of AM fungal species in A. wrightii
rhizosphere.

Study site: During the dry season (February-May), adult individuals of A. wrightii were selected in a
wetland located in Yucatan, Mexico.

Methods: Roots and rhizospheric soil were collected from the A. wrightii individuals collected in order to
evaluate mycorrhizal colonization of the roots and to estimate the amount and identity of spores.
Results: Colonization by AMF in A. wrightii roots was found between 24 and 67 %. Significant differences
were found in percentage of colonization for the different months sampled. Number of spores showed no
variation in the time, and 22 species of AMF were identified, the most represented being Glomeraceae.
Conclusions: The colonization of A. wrightii roots by AM fungi throughout all the sampling months sug-
gests that the interaction is important for the plant. A high richness of AMF species in its rhizosphere was
found with the presence of some exclusive species at the beginning and end of the rainy season.

Key words: Acoelorraphe wrightii, mycorrhizal colonization, richness of AMF species, spores, temporality.

Resumen

Antecedentes: Los humedales proveen de importantes servicios ecosistémicos pero también representan
un ambiente limitante para los organismos que ahi se distribuyen. Las limitantes pueden ser superadas
gracias a las interacciones bidticas que establecen.

Especie de estudio: Acoelorraphe wrightii es una palmera que habita los humedales costeros y se encuen-
tra asociada con hongos micorrizégenos arbusculares.

Pregunta: Se evalu6 la dindmica de la colonizacién por hongos micorrizégenos arbusculares (HMA) de
las raices de A. wrightii, la produccién de esporas y la riqueza de especies de HMA en su rizdsfera.

Sitio de estudio: Durante la temporada de sequia (febrero-mayo), individuos adultos de A. wrightii fueron
seleccionados en un humedal localizado en Yucatdn, México.

Métodos: Se colectaron raices y suelo rizosférico de individuos seleccionados de A. wrightii, para evaluar
la colonizacién micorrizica de las raices y estimar la cantidad de esporas y su identidad.

Resultados: La colonizaciéon por HMA en las raices de A. wrightii se encontr¢ entre 24 'y 67 %. Se encon-
traron diferencias significativas en el porcentaje de colonizacidn en los diferentes meses muestreados. El
ndmero de esporas no mostré una variacion en el tiempo identificindose 22 especies de HMA, siendo la
familia Glomeraceae la mejor representada.

Conclusiones: La colonizacion de las raices de A. wrightii por hongos micorrizégenos arbusculares
(HMA) en todos los meses de muestreo sugiere que la interaccion es importante para la planta. Se encon-
tré una alta riqueza de especies de HMA en su rizosfera presentdndose algunas especies exclusivas en el
inicio o término de la temporada de lluvias.

Palabras clave: Acoelorraphe wrightii, colonizacién micorricia, esporas, riqueza de especies de HMA,
temporalidad.
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etlands provide a considerable number of ecosystem services, such as flood control, replenish-
ment of subterranean water, stabilization of coasts by protecting them from the effects of storms,
retention and export of sediments and nutrients, purification of water and also as important
biodiversity reservoirs (Secretaria de la Convensién de Ramsar 2010) despite the challenging
environmental conditions that characterize these environments, such as oxygen deficiency and
accumulation of phytotoxins in the substrate, among others (Armstrong et al. 1991). Therefore,
the organisms inhabiting these ecosystems have evolved different strategies to overcome the
limitations of the environment (Bohrer ez al. 2004). The lack of oxygen in the soil of these eco-
systems affects plant root growth and total anoxia can in fact inhibit root function (Armstrong et
al. 1991). However, microorganisms inhabiting the rhizosphere may contribute to the function-
ality of the roots and to the ecology of the wetlands (Neori & Agami 2016).

Interactions of the plants, through their roots, with soil microorganisms such as the ar-
buscular mycorrhizal (AM) fungi are known to increase plant tolerance to various types of
environmental stress (Khan 1995), such as salinity (Evelin et al. 2009), drought (Augé 2001)
and flooding (Stevens et al. 2011). In the arbuscular mycorrhizal interaction, the fungi receive
carbon from the host plants while providing them minerals nutrients (v.g., phosphorous, ni-
trogen) (Smith & Read 2008), since the nutritional and physiological status in the host plants
are improved they may be more resistant to harsh environmental conditions (Ievinsh 2006,
Solaiman et al. 2014).

Arbuscular mycorrhizal interaction has already been reported in wetland plants of different
sites (v.g., B4 & Rivera-Ocasio 2015, Caravaca et al. 2005, Turner & Friese 1998, Turner et
al. 2000, also see review of Xu et al. 2016); nevertheless, the ecological repercussions of this
mutualistic association have not been clearly demonstrated in these ecosystems (Neori & Agami
2016, Xu et al. 2016).

Moreover, the environmental conditions present in the wetlands also have an effect on the
AM fungi due to the fact that, given the environmental heterogeneity (v.g., salinity, anoxic con-
ditions), the richness of AM species can vary widely (Juniper & Abbott 1993, Miller & Bever
1999), and colonization of the plant roots by AM fungi can be affected by periods of flooding,
resulting in increased or reduced colonization of the roots (see Vallino et al. 2014, Xu et al.
2016), thus it has been demonstrated that a large number of plant species in the wetlands are
interacting with the AM fungi (see Wang et al. 2015, Xu et al. 2016).

Acoelorraphe wrightii H. Wendl. (Arecaceae, common name: palmetto palm and locally
known as tasiste) is a palm dominating in wetlands where flooding is temporary (Quero-Rico
& Flores 2004). This species has previously been reported to associate with AM fungi (Fisher
& Jayachandran 2008) and tolerates flooding for extended periods (> 6 months; Ocafia & Lot
1996). In the wetlands of the Yucatan Peninsula, it is common to find plant associations where
the palm A. wrightii is the dominant species.

Research on wetland AM fungi has been scarce in Mexico, for this reason the objective of
this study was to quantify the colonization by AM fungal structures (hyphae, vesicles, spores
and coils) in the roots of Acoelorraphe wrightii during the dry season (from February to May),
as well as to estimate the variation during the beginning and end of the dry season in density,
diversity and viability of the AM fungi spores collected from its rhizosphere. The hypothesis of
this work is that A. wrightii roots will present colonization by AM fungi which will vary during
dry season (because of flooding fluctuations) and, due to the environmental heterogeneity of the
wetland, a high richness in AMF species is expected to be found in its rhizosphere.

Materials and methods

Study site. The study site is in the State Reserve Ciénegas y Manglares of the northern coast
of Yucatan, Mexico, close to the town of Sisal (21° 07’ 53.9” N and 90° 00’ 29.2” W). The cli-
mate of the zone is warm dry Bso(h”)w”’(x’)i, according to the Koppen classification, modified
by Garcia (1973) with a precipitation/evapotranspiration ratio of less than 22.9, predominant
summer rain (June-September), but with over 10 % the total annual rain falling in winter (Decem-
ber-January). There is an intra-estival drought, and the mean annual temperature is around 22 °C
(Orellana et al. 1999).
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The soil type is rendzina, dark, with a depth ranging between 10 - 50 cm (Gonzélez-Me-
drano 2003). Due to the presence of interstitial water, the average salinity of the site is 2.7 %o
and the mean pH is 6.6, while for the surface water, the salinity is 1.26 %o and the pH is 6.7.
In the site, there are four abundant plant species: A. wrightii (Arecaceae), Cladium jamaicense
(Cyperaceae), Scleria bracteata (Cyperaceae), and Rhynchospora colorata (Cyperaceae),
with A. wrightii and S. bracteata dominating. When A. wrightii dominates the vegetation,
the resulting association is known locally as a “tasistal” or floodable palm grove (Martinez &
Galindo-Leal 2002).

Sampling design. An area of 100 x 100 m (30 % of the wetland fragment) was selected and the
presence of Acoelorraphe wrightii was identified; 19 individuals were selected at random, but
each one complying with the following conditions: presence of inflorescences and a height be-
tween 2 and 2.5 meters, the aim being to reduce the effect of the variability produced by the age
and physiological state of the plant. These were marked and samples were taken from their roots
or rhizosphere every month from February to May 2007 (for root colonization) and in February
and July (for spore extraction), during the dry season (flooded conditions at the beginning of the
dry season), coinciding with the flowering season of the palm.

Mycorrhizal colonization. Fine roots (< 2 mm in diameter) were taken from nine of the marked
individuals (Brundrett et al. 1996) and these were washed, labeled and dyed (with Trypan blue)
following the procedure of Phillips & Hayman (1970), modified by Herndndez-Cuevas et al.
(2008). Two to four permanent slides (containing 10 to 12 root fragments each) were prepared
with the dyed roots and total mycorrhizal colonization as well as per structure (hyphae, vesicles,
spores and coils) were quantified according to the method of McGonigle ez al. (1990), monitor-
ing at least 100 optical fields at 100x magnification in a Nikon optical microscope. During the
first sampling period (February), it was not possible to collect roots from all the 19 individuals
selected due to the prevailing flood conditions which made it impossible to be sure that the
roots collected belonged to the marked palms; therefore, we decided to take root samples only
of nine individuals, the roots of the same individuals were collected during all sampling periods
(February to May).

Spores of arbuscular mycorrhizal fungi. In order to isolate the spores present in the rhizo-
sphere of Acoelorraphe wrightii, soil samples were taken around the 19 randomly selected
individuals at the beginning and end of the dry season (February and July 2007). Around each
selected palm tree, four soil samples were taken at a depth of up to 10 cm and combined to
a final sample of 500 g of rhizospheric soil. Extraction of the spores was conducted on 50
g of dry soil using the wet-sieving method of Gerdemann & Nicolson (1963), modified by
Hernandez-Cuevas et al. (2008), using a set of sieves from 600 to 45 micrometers. Isolated
spores were collected in semi-permanent preparations with polyvinyl alcohol (PVLG) and
Melzer reagent for observation under an optical microscope (45X) and determination of the
AM fungi species. Live and dead spores were quantified; spores were considered live when
they appeared without damage on spore walls and presented cytoplasmic content, but were
considered dead if the spore walls were damaged or if the spore was parasitized and had no
cytoplasmic content.

To identify the AM fungi species, the morphological characteristics of the spores were ob-
served: size, color, wall characteristics, number of strata, presentation of germination structures,
subtending hypha and the occurrence of a reaction to the Melzer reagent. The AM fungi were
then identified considering the species descriptions of the International Culture Collection of
(Vesicular) Arbuscular Mycorrhizal Fungi (INVAM) web page (https://invam.wvu.edu/) the
Manual for the identification of VA mycorrhizal fungi (Schenk & Pérez 1988) and the web
page (http://www.zor.zut.edu.pl/Glomeromycota/Taxonomy.html). The system proposed by
Schiifler & Walker (2010) was utilized for the classification. In order to avoid mistakes during
the identification process, only spores with cytoplasmic content and with clear morphological
characters were employed to assign identity. Recently, the use of molecular tools for identifying
communities of AM fungi has been development. However, since there is still absence of uni-
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formity regarding the AMF-specific primer system that best reflect the diversity of AM fungi in
a community (Kohout ez al. 2014), we decided to use the morphological characterization since
we believe this approach remains valid to reach the aim of this study, as has been pointed out by
other authors (v.g., Oehl et al. 2004, Luo et al. 2016).

Statistical analysis. For root colonization and spore number analysis we used the PROC MIXED
method for repeated measures with the compound symmetry structure of covariance and type I11
sums of squares, considering the palm identity as random effect and month as fixed effect; since
all data showed normality and homogeneity of variances these were not transformed, when
significant effect of main factor differences was determined on pre-planned contrast. We used
Statistical Analysis System (SAS) software 9.3.

Results

Mycorrhizal colonization. Mycorrhizal colonization of type Arum (intercellular hyphae without
intracellular coils) was recorded in the roots of all of the sampled individuals of Acoelorraphe
wrightii. Only three types of fungal structures were observed: hyphae, vesicles and spores.
The percentage of total colonization differed significantly (F, ,, = 7.76, p < 0.05, Figure la)
among sampling times, with the months of February and April presenting the highest and lowest
percentages of colonization, respectively. Significant differences were found among sampling
times in terms of the percentage of colonization by hyphae (F, ,, = 8.57 p < 0.05) (Figure 1b),
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Figure 1. Percentage of mycorrhizal colonization in different sampling months (dry season February-May) in a wetland, where a) mean
(+£S.E)) total; b) mean (+S.E.) by hyphae; ¢) mean (£S.E.) by vesicles; d) mean (+S.E.) by spores. Means accompanied by the same letter
do not differ significantly at p < 0.05.
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Table 1. Family and species of arbuscular mycorrhizal fungi and the seasons in which they were observed:

beginning of dry season (February) and beginning of rainy season (July).

Family Species Beginning Beginning
of dry of rainy
season season
Glomeraceae Funneliformis geosporum (T.H. Nicolson & Gerd.) * *
C. Walker & A. Schufler
Funneliformis verruculosum (Blaszk.) C. Walker & * *
A. Schuf3ler
Rhizophagus clarus (T.H. Nicolson & N.C. Schenck) *
C. Walker & A. Schuf3ler
Rhizophagus intraradices (N.C. Schenck & G.S. Sm.) *
C. Walker & A. Schufler
Rhizophagus fasciculatus (Taxt.) C. Walker & A. SchuBler *
Sclerocystis sinuosa Gerd. & B.K. Bakshi *
Sclerocystis rubiformis Gerd. & Trappe * *
Glomus microaggregatum Koske, Gemma & P.D. Olexia * *
Glomus ambisporum G.S. Sm. & N.C. Schenck *
Glomus microcarpum Tul. & C. Tul *
Septoglomus constrictum (Trappe) Sieverd., G.A. 2
Silva & Oehl

Claroideoglomeraceae Claroideoglomus claroideum (N.C. Schenck & G.S. * *
Sm.) C. Walker & A. SchiBler
Claroideoglomus etunicatum (W.N. Becker & Gerd.) * 2

C. Walker & A. SchuBler

Diversisporaceae Diversispora eburnea (L.J. Kenn, J.C. Stutz & J.B. Morton) * *
C. Walker & A. Schuf3ler.

Gigasporaceae Scutellospora heterogama (T.H. Nicolson & Gerd.) *
C. Walker & F.E. Sanders
Gigaspora decipiens I.R. Hall & L.K. Abbott. *
Acaulosporaceae Acaulospora morrowiae Spain & N.C. Schenck * *
Acaulospora scrobiculata Trappe *
Acaulospora kentinensis (C.G. Wu & Y.S. Liu) R 2

Kaonongbua, J.B. Morton & Bever

Acaulospora colombiana (Spain & N.C. Schenck) *
Kaonongbua, J.B. Morton & Bever

Paraglomeraceae Paraglomus occultum (C. Walker) J.B. Morton & D. Redecker *
Entrophosporaceae Entrophospora infrequens (I.R. Hall) R.N. Ames *
& R.W. Schneid.

vesicles (F3,24 =3.46,p <0.05) (Figure 1c) and spores (F, ,, =9.42, p <0.005) (Figure 1d). Feb-
ruary presented the highest percentage of colonization for all structures while April presented
the lowest percentage of colonization for hyphae and spores. The lowest percentage of coloniza-

tion for vesicles was observed in May (Figure 1c).

Spores of arbuscular mycorrhizal fungi. A total of 22 species of AM fungi were found in the
rhizosphere of A. wrightii (Table 1). These 22 species belonged to seven families and 12 genera,
of the seven families of AMF recorded, Glomeraceae accounted for 50 % of the species, Acau-
losporaceae for 18 %, Claroideoglomeraceae and Diversisporaceae each accounted for 9 %, while
Gigasporaceae, Paraglomeraceae and Entrophosporaceae each accounted for 4.5 %. A total of
12 species were found at the beginning of the dry season (February) and 19 at the beginning of
the rainy season (July) (Table 1).
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Figure 2. Mean number (+S.

E.) of live and dead spores in

50 g of soil, in the months of

February and July. Means ac-

companied by the same letter

do not differ significantly at
p<0.05.
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The average total number of spores (live and dead) in 50 g of soil was 126 in February and
211 in July; however, no significant differences were found among sampling months. When
comparing the number of live and dead spores there was no significant difference in February,
whereas in July there was, on average, twice as many dead spores as live (F, | =7.08,p <0.001)
(Figure 2).

Discussion

Generally speaking, the results show that during the period of this study, Acoelorraphe wrightii
roots presented mycorrhizal colonization and a total of 22 species of AMF were found in its
rhizosphere, although the majority of the spores were damaged. The working hypothesis was
supported in the sense that all the individuals analyzed presented arbuscular mycorrhizal colo-
nization in their roots and that this fluctuated temporally. Moreover, a high richness of AM fungi
species was found, which coincides with the expected results. The fluctuation in colonization
values and number of spores is discussed below.

Acoelorraphe wrightii present Arum-type colonization, as has been reported in other palm
species, such as Serenoa repens, Cocothrinax argentata, Pseudophoenix sargentii, Sabal pal-
metto and Thrinax morrisii (Fisher & Jayachandran 1999, 2005). The type of colonization is
influenced by both the identity of the host plant (Smith & Smith 1997) and fungi (Dickson et al.
2007), as well as the AM fungi efficiency which differs according to the plant species and the
colonizing fungi (Cavagnaro et al. 2001, Mohammadi et al. 2008).

Intercellular hyphae, vesicles and spores typical of the Arum colonization type were observed
in the roots of A. wrightii (Cavagnaro et al. 2001), but no arbuscules were observed. The ab-
sence of arbuscules in our observation may be due to their ephemeral nature (Smith & Read
2008) and low frequency in field samples; but particularly in wetland plants mycorrhized roots
commonly present a reduced number or even total absence of arbuscules (v.g., Dolinar et al.
2016, Khan 1993, Sengupta & Chaudhuri 2002). Absence of arbuscules in mycorrhizal roots has
been explained as an effect of flooding (Dolinar ef al. 2016, Wang et al. 2016) this may support
the results observed in the present work. The absence of arbuscules at some moment of interac-
tion could be interpreted as an inactive mycorrhiza (Dolinar ef al. 2016, but see Vallino et al.
2014) or that the mutualistic exchange of nutrients is absent (Wang ef al. 2016) at that particular
moment; nevertheless, to test any of these hypotheses a physiological experiment is needed.
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Extensive evidence suggests that arbuscular mycorrhizal (AM) root colonization declines
during extended periods of flooding (v.g., Dolinar et al. 2016, Miller 2000, Ray & Inouye 2006,
Stevens et al. 2011, Vallino et al. 2014, but see Xu et al. 2016). A. wrightii presents fluctuations
in the percentage of root colonization associated with the sampling month, however the highest
percentage of root colonization was found in February (beginning of the dry season), while the
lowest was presented when the site was no longer flooded (April and May); this may be because
at the end of the dry season the soil drought may have limited fungal development, these results
are in agreement with Bohrer et al. (2004) who found the highest mycorrhizal colonization
level during the period of highest water table which coincides with the production of new roots
in the plants. It has been demonstrated that AM colonization of the roots is also influenced by
the physiological stage of the plant, for example, Carvalho et al. (2001) found that salt marsh
plants presented greater mycorrhizal colonization during the periods of growth and flowering,
independently of the abiotic characteristics. Oliveira et al. (2001) found that AM colonization in
Phragmites australis of temporally flooded soils increased prior to flowering; therefore, it can be
suggested that AM root colonization of wetland plants, as well as in other environments may be
influenced by the phenology of the host plant (Bohrer et al. 2004, Xu et al. 2016). Nonetheless,
because this work covered only the flowering stage of A. wrightii, we cannot form a conclusion
with reference to the main factor affecting AM colonization. Further research on seasonal mycor-
rhizal colonization of A. wrightii roots, including phenology of the plant, is required to under-
stand the role of biotic and abiotic factors on AM root colonization seasonality.

The average number of live spores found in 50 g of soil was between 56 and 70, a level
that can be considered low compared to that reported by Jayachandran & Shetty (2003) in the
Florida everglades, where 936 to 6,214 spores were found in 50 g of soil (however, the authors
did not report if all the spores were live). It has been reported that the number of spores can be
influenced by the characteristics of the soil and by the structure of the vegetal community (Het-
rick 1984, Janos 1980). This difference can be attributed to the fact that the vegetal community
of the site where the study of Jayachandran & Shetty (2003) was conducted was dominated by
six plant species, while in this study site the plant community is dominated by only two species:
Acoelorraphe wrightii and Scleria bracteata and this could have influenced the low number of
spores found.

The number of spores found in the rhizosphere of Acoelorraphe wrightii change significantly
over time. We found the highest number of spores at the onset of the rainy season, in July,
which may have been due to dispersion of the AM fungal spores by wind (Warner et al. 1987).
This study supports the data reported by Ramos-Zapata et al. (2011) in a tropical coastal dune
system, where the number of spores was greater during the rainy season because flooding can
transport spores to less elevated sites and also coincides with Xu et al. (2016) who mention that,
in the wetlands, many of the AM fungi propagules are transported by water and can remain ac-
tive in the soil once the flooding is over.

The species richness of AM fungi in the tasistal is high, compared to that reported for wet-
land ecosystems. For example: Sengupta & Chaudhuri (2002) report seven species of AM fungi
(predominating species of the genera Glomus and Gigaspora) in mangroves from the Ganges
river; Choudhury ez al. (2010) found 18 species of AM fugi in the rhizosphere of 23 species
of wetland plants in Assam, India; and Wang et al. (2015) report six species of AM fungi (of
the genera Glomus and Acaulospora) in two mangroves of southern China. The high AM fungi
richness found in the present work, could be influenced by the surrounding vegetation, since the
study site is surrounded by petens (islands of arboreal vegetation that include species of tropical
medium sub-deciduous forest as well as mangrove elements) and the spores of these neighbor-
ing sites could move into this site, as explained above.

Another reason which can explain the high AM fungal species richness found in this work
could be the high environmental heterogeneity. Flooding has been recognized as a driving force
for heterogeneity and dynamics of wetlands (Day et al. 1988, Keddy 2010, Simdes ef al. 2013,
but see Brinson 1993), affecting the mycorrhizal interactions and distribution of AM fungi that
colonize the roots; for example, some AM fungi prefer less anoxic soils and the fungal hyphae
and spores are sensitive to low redox potential (Deepika & Kothamasi 2015, Neori & Agami
2016, Wang et al. 2015, Wolfe et al. 2007). These environmental gradients might provoke a high
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species richness because species that can thrive under extremely harsh conditions and those that
prefer a less challenging environment can actually coexist; consequently, this high environmen-
tal heterogeneity may complete the above explanation regarding the richness of species found
in the present study.

Temporality plays an important role in terms of changes in the richness of AM fungal species
within the site. Of the species found at the beginning of the rainy season, 47 % were exclusive
to that season (Rhizophagus clarus, Rhizophagus intraradices, Sclerocystis sinuosa, Glomus am-
bisporum, Glomus microcarpum, Septoglomus constrictum, Gigaspora decipiens, Acaulospora
scrobiculata, Acaulospora colombiana and Paraglomus occultum); while at the beginning of the
dry season only three exclusive species (25 %) were recorded, (Rhizophagus fasciculatus, Scutel-
lospora heterogama and Entrophospora infrequens). This could be due to the process described
previously in which the rain may transport spores that originate in neighboring sites and, in the
absence of rain in February; the spores are not being successfully transported at that time.

This is the first study to explore mycorrhizal arbuscular interaction in a coastal wetland of
Mexico. The high species richness found in the rhizosphere of A. wrightii may be a result of dif-
ferent dispersion mechanisms of AM fungi, which, as has been reported before by other authors,
can remain viable and establish the interaction with A. wrightii roots. The AM root colonization
in A. wrightii, present in all the sampling months suggests that the species of AM fungi isolated
can be found colonizing the root system; and that this is important for the plant, at least in the
physiological stage (flowering) which was covered in this work, due to the different advantages
this can provide, such as capture of nutrients and resistance to flooding. Further investigation
is required on the colonization behavior in different physiological stages. It is important to
produce more information in terms of the AM fungal community in ecosystems such as the
wetlands, since these cannot be ignored in the management practiced in these ecosystems.
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