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Abstract

Coconut is a crop of economic importance, and protocols for the propagation in vitro of coconut are already in use. However,
during acclimatization, some micropropagated plants or plantlets do not survive. There are reports that show that the applica-
tion of arbuscular mycorrhizal fungi (AMF) improves the development of plants. So far, there are no reports of acclimatiza-
tion of coconut plantlets with or without AMF. Therefore, this study reports the evaluation of survival and growth during
acclimatization of coconut plantlets (obtained by somatic embryogenesis) testing inoculation with native or commercial
AMF. Survival increased from 1.19 to 1.24-fold with native AMF, but no increase occurred with commercial AMF. Growth
and photosynthetic parameters were evaluated, and there were no significant changes among treatments at 180 d. However,
6 mo later, there was a significant increase in height, leaf area, and stem diameter in plantlets inoculated with commercial
AMF. There were differences in the development of secondary roots when plantlets were treated with commercial AMF. The
colonization with native AMF showed a greater proportion of coils and hyphae, whereas, with commercial AMF, arbuscules
and hyphae were more abundant. According to this study’s results, AMF inoculation can be recommended to improve the

survival and growth of micropropagated coconut plantlets.
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Introduction

The coconut palm (Cocos nucifera L.) is a crop of economic
importance in several countries, contributing to increasing
food security and job creation (Karandeep et al. 2019). In
the last 15 yr, the demand for coconut products has increased
(Prades et al. 2016), particularly for packaged water, virgin
oil, milk, sugar, and fiber derivatives (Roolant 2014; Pham
2016). Unfortunately, coconut production is decreasing,
mainly due to palm senescence, pests, and diseases, particu-
larly the phytoplasma-associated disease lethal yellowing
(LY) that has killed millions of palms in several countries
in the Caribbean region and Africa; such diseases have also
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been reported in countries in Asia and the south-western
Pacific (Gurr et al. 2016; Oropeza-Salin et al. 2020). There-
fore, to sustain the growth of the coconut industry, it is nec-
essary to carry out extensive replanting worldwide, which
should be done with genotypes selected for LY resistance
and other, traits such as high yield.

Screening of LY-resistant genotypes started in the twen-
tieth century identifying Malayan Dwarfs and Pacific Tall
ecotypes (Been 1991; Zizumbo-Villareal et al. 2008).
Screening new resistant genotypes is ongoing (Castillo
et al. 2022; Garavito-Guyot et al. 2022). Massive coco-
nut production required for replanting worldwide will be
difficult to achieve if plants are only produced through
seed propagation. So, efficient micropropagation through
somatic embryogenesis is becoming an important alterna-
tive (Kalaipandian et al. 2021). Such a process is already
available; it can yield thousands of somatic embryos
from a single plumule explant through the formation
and multiplication of embryogenic callus, and most of
these embryos convert into micropropagated plants or
plantlets (Pérez-Nufez et al. 2006; Oropeza 2016). How-
ever, improvement of this micropropagation process is
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necessary to become more competitive, reducing pro-
duction costs (Sdenz-Carbonell et al. 2016). One such
improvement that is needed is increasing ex vitro survival
of the plantlets after acclimatization, which facilitates their
adaptation in the field (Hazarika 2006).

Previous studies that evaluated the ex vitro survival of
coconut plantlets that were produced by in vitro germi-
nation of zygotic embryos reported low percentages, ini-
tially. However, after several strategies, the survival has
increased significantly to 90% (Table 1S; Fuentes et al.
2005; Pech Aké et al. 2007; Talavera et al. 2005; Samosir
and Adkins 2014; Sisunandar et al. 2018).

Ex vitro survival of plantlets obtained through somatic
embryogenesis has been reported in the palm species
Phoenix dactylifera and Elaeis guineensis, with 60 to 84
and 58 to 63% survival, respectively (Schultz 2001; Al-
Khayri and Naik 2017). However, there are no previous
studies of acclimatization of coconut plantlets produced
through somatic embryogenesis.

During transfer to ex vitro conditions, plantlets face a
transplant shock, exposure to elevated temperature and
light intensity, and altered physiology and morphology
(Chandra ef al. 2010; Kumar and Rao 2012). A promising
strategy for adaptation to the new conditions is the use of
arbuscular mycorrhizal fungi (AMF) to improve the sur-
vival of plantlets produced in vitro. AMF contributes to
more vigorous growth, improves the root system, increases
photosynthetic efficiency, improves water-conducting
capacity, improves nutrient absorption, prevents the attack
of soil-borne pathogens, and relieves environmental stress
(Kapoor et al. 2008; Soumare et al. 2021).

Different reports mention the importance of using mixed
AMF since some AMF taxa are more associated with spe-
cific functions, allowing functional complementarity that
improves their synergistic effects on plants (Crossay et al.
2019). Also, coconut has long been a naturalized species;
the association of coconut with native AMF can positively
affect the survival, growth, and development of the plantlets
during acclimatization and, eventually, final establishment.
In addition, native AMF species could be more effective
symbionts than commercial species because they develop in
specific conditions (Guadarrama and Ramos-Zapata 2020).

The use of AMF for in vitro—produced coconut plantlets
has not been reported, but it has been studied in P. dactylif-
era (El Kinany et al. 2019) and Elaeis guineensis with good
results (Schultz 2001). Therefore, here, for the first time, the
evaluation of micropropagated coconut plantlets inoculated
with native AMF, isolated from the rhizosphere of coconut
palms from different sites of the coastal dune of Yucatan in
Mexico, and compared with commercial AMF to determine
their effect on survival and performance of the plantlets dur-
ing the acclimatization stage has been reported.

Material and Methods

Experimental Site and Plant Material The present study
was carried out at Centro de Investigaciéon Cientifica de
Yucatan, A.C. México, in greenhouse facilities (tempera-
ture and humidity were 27.6+2.5 °C and 51.7 +3.1%).
Coconut plantlets of the Mexican Pacific Tall hybrid
(MxPT1 xMxPT?2 ecotypes) were obtained by micropropa-
gation according to Pérez-Nuiiez et al. (2006) and Saenz-
Carbonell ef al. (2018). Briefly, the plantlet production was
through somatic embryogenesis from plumule explants,
involving embryogenic callus formation and its multipli-
cation, followed by the formation of somatic embryogenic
callus. Finally, the embryos germinated and developed into
plantlets. At the end of the process, plantlets were selected
according to a uniform height (21 +2.6 cm), 2 to 3 bifid
leaves, and the presence of secondary roots.

Arbuscular Mycorrhizal Fungi Used Two different AMF
mixes were used. One was a commercial AMF (PHP®
Endo Rhyza Mini Plug, Mexico City, Mexico) that is a mix
of two species (Rhizoglomus intraradices and Acaulospora
colombiana) within a vermiculite inert substrate and vegeta-
tive propagules (fragments of mycelium and mycorrhized
roots). The second one was a native AMF mix with 13 spe-
cies from soil associated with the coconut rhizosphere. Soil,
as a source of native AMF, was collected from six coconut-
growing areas in Yucatin (Lara-Pérez et al. 2020). After
collection, AMF was multiplied by trap cultures using Pani-
cum maximum as the host plant in a greenhouse for 6 mo.
P. maximum seeds were disinfected with 0.5% of NaClO
(Hycel, Zapopan, Mexico) for 15 min before use and planted
in a substrate of soil and sterile sand (121 °C, 1 h, 3 times).
The plants were fertilized (15% Hoagland solution, without
phosphorous, prepared in our laboratory) once a week in
the first 2 mo and then twice a week. Native AMF contained
fragments of mycorrhized roots (60 to 80%).

AMF Spore Extraction and Identification The spores were
isolated from 10.0 g of a substrate according to Gender-
man and Nicholson (1963), by mixing with 1 L of water,
and this suspension passed through a nest of four soil
sieves (500, 150, 73, and 38 um, WStyler, Mentor, OH).
The material retained by the 38-um sieve was suspended
in 30 mL of water and centrifuged at 3000 rpm for 3 min
(Eppendorf 5804R, Hamburg, Germany). Next, the pel-
let was centrifuged at 1000 rpm for 1 min in a sucrose
(Zulka, Culiacan, Mexico) solution with a stepped den-
sity gradient (15% and 60% w/v) according to Walker
(1997). The resulting supernatant was sieved (38 um), and
what was retained was washed with water to eliminate
sucrose. Finally, the spores were counted in a stereoscopic
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microscope (Nikon SWZ800, Melville, NY) to 40 x.
Spore numbers were estimated per each 10 g, using five
replicates. Additionally, to identify the quantified spores,
for native AMF species level identification, spores were
mounted on slides in polyvinyl alcohol-lactic acid-glyc-
erol (PVLG) and a mix of PVLG—Melzer’s reagent (J.T.
Baker, Mexico City, Mexico) and examined under a micro-
scope (Zeizz Primo Star, Oberkochen, Germany). The
identification was based on spore color, size, form, wall
structure, decoration, hyphae type, germination mode, and
different subcellular structures (Btaszkowski 2012).

AMF Inoculation and Acclimatization of Coconut Plantlets The
plantlets were individually transferred from in vitro conditions
into black polyethylene nursery bags with bellows (21 X35 cm,
600 gauge) containing approximately 2.5 kg of sterilized sub-
strate (beach sand, regional soil, and sphagnum peat moss in a
1:1:1 ratio). The native or commercial AMF were inoculated at
the time of transplant (10 to 15 g containing 246+ 15 spores).
Next, the substrate mix was irrigated with 0.3 L of water 1 d
before planting the plantlets. The black bags had 12 small holes
at the base to drain excess water. Finally, this set-up with the
plantlet was covered with a transparent polyethylene bag (400
gauge; Plastica peninsular, Mérida, México) with 32 horizontal
cuts (1.5 cm long) distributed uniformly (Pech-Aké et al. 2004;
Talavera et al. 2005). Plantlets were placed randomly in the
greenhouse and kept for 2 wk without further irrigation under a
shade mesh with ventilation in the greenhouse. Then, the trans-
parent upper bags were withdrawn, and the plantlets were kept
in a greenhouse for 6 mo that was irrigated with an automatic
micro-sprinkler system every 3 d for 5 min.

Experiments Performed There were three experiments in this
study with three treatments in each experiment: (a) non-inoc-
ulated plantlets (control), (b) plantlets inoculated with native
AMF, and (c) plantlets inoculated with commercial AMF.
Experiment 1 started in October 2019 and was carried out to
evaluate the survival rate for 6 mo after the transplant with
monthly monitoring. Fifteen plantlets were used for each treat-
ment. Experiment 2 started in October, 2020, and was carried
out to evaluate the rate of survival, growth, and physiological
parameters for 6 mo with monitoring at 0, 30, 90, and 180 d
after transplant. Thirty plantlets were used for each treatment.
Finally, experiment 3 started in April 2021 and was carried out
to evaluate root growth (primary and secondary root length) and
colonization roots. Three plantlets for each treatment were used,
and sampling was at 0, 15, 30, 60, 90, and 180 d.

Growth Parameters Plantlet height (in cm) was measured
using a flexometer (+ 1.2 mm, Truper, Torredén, Mexico).
Stem diameter (in cm, taken 2.0 cm above the substrate sur-
face level) was measured using a dial caliper (+0.0381 mm,
Fowler, Canton, MA). The number of leaves per plantlet was

determined visually. The area of the youngest open leaf (in
cm?) was estimated with ImageJ (version 1.52p) using leaf
length as a reference.

Physiological Parameters Measurements were taken at 12.00
to 14:00 h. The photosynthetic activity was determined at
30 °C and 60% relative humidity, 1000 umol PPFD -m~2-s~!
light intensity, and 400 pmol-mol~' reference CO,, using a
portable photosynthetic system (LICOR LI-6400XT, Lin-
coln, NE) (Fuentes et al. 2005). This evaluation was carried
out for 60 s on the youngest expanded leaf fixed within the
chamber with the adaxial surface upwards. The chlorophyll
fluorescence was determined from the ratio of variable to
maximum fluorescence (F,/F,), and the performance index
(PI,ps) with a fluorescence-modulated system analyzer
(mPEA, Hansatech, Norfolk, UK). This evaluation was car-
ried out on the youngest expanded leaf that was dark-adapted
for 20 min, with a saturation pulse at 3000 umol m2s!,
and 70% intensity (Fuentes et al. 2005; Talavera et al. 2005).

Root Growth and Colonization To determine root growth
during acclimatization, primary and secondary roots were
manually counted, and the primary root length was meas-
ured for 6 mo at different times. For root colonization, sam-
ples (20 root segments of 1.0 cm) were cleared with 10%
KOH (J.T. Baker) and 5% H,O, (J.T. Baker) at 120 °C for
20 min, followed by washing with tap water, acidified with
HCI (Hycel) 0.1 N for 10 min, and stained with trypan blue
(0.05%, Bio Basic, Markham, Canada) at 120 °C for 20 min
according to Phillips and Hayman (1970). To identify and
count AMF structures, roots were mounted on a slide with
PVLG. The root segments with mycorrhizal structures
(arbuscules, vesicles, hyphae, coils) were estimated accord-
ing to the method of McGonigle et al. (1990) with the fol-
lowing equation:
(Number of mycorrhizal segments)

M hizal fi = x 100
yoorrzat equency (Number of segments observed)

Statistical Analysis Data were analyzed with repeated
measures ANOVA test, followed by Dunnett’s post hoc test
(p £0.05), normality using Lilliefors test, homogeneity of
variances with Cochran’s and Bartlett’s tests, and percentage
data transformation by arcsin \/ (X/100) before analyses. All
statistical analyses were performed using Minitab (version
17.1).

Results

Plantlet Survival Two experiments evaluated plantlets’ sur-
vival after transference to ex vitro conditions. In experiment
1 (Fig. 1A), the survival rate after 6 mo was 92.0 +0.3% for
plantlets inoculated with native AMF and 77.0+0.4% for
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both plantlets inoculated with commercial AMF; the control
treatment (without inoculation) (Fig. 1A) and the difference
were significant (p <0.05). In experiment 2 (Fig. 1B), the
survival rate after 6 mo was 87 +0.2% for plantlets inocu-
lated with native AMF: 67.0+0.0% for commercial inoc-
ulum and 70.0 +£0.0% for the control. The difference was
significant between the native AMF treatment and the other
two treatments, commercial AMF and control, but it was not
significant between these last two treatments. In both experi-
ments, the survival rate with the native AMF treatment was
greater than with the other two treatments, 1.2 times and
1.3 times, in experiment 1 and experiment 2, respectively.

Plantlet Height and Stem Diameter The plantlet height
growth response during acclimatization to the native
AMF, commercial AMF, and control treatments (Fig. 2A)
showed no significant differences between them (p <0.05).
The plantlet height increased from 90 d. On average, it
increased from about 19.5 to 34.4 cm during the 180 d of
the experiment.

The pattern of response for plantlet stem diameter growth
was very similar in shape and quantitatively with the three
treatments (Fig. 2B). It showed a slight decrease at 30 d;
from then on, it increased steadily for the rest of the dura-
tion of the experiment. There were quantitative differences
among treatments, particularly at 90 and 180 d, but they
were not significant (p <0.05).

Number of Leaves and Leaf Area With the different AMF
treatments, the number of leaves (Fig. 2C) per plantlet
did not show a significant difference. It increased on
average one leaf per plantlet by day 90; but then at 180
d, it decreased. This difference must result from pruning,
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a regular practice that must be done regularly on these
plantlets during acclimatization.

The response in the plantlet leaf area was similar
in the three treatments (Fig. 2D). There was a steady
increase throughout the experiment, from about 22.8 to
132.4 cm?. Differences within the first 90-d period were
small and not significant (p <0.05); a greater difference
was observed at 180 d with a leaf area of 145.3 cm? for
plantlets under the commercial AMF treatment, 126.9
cm? for plantlets under the plantlet inoculated with native
AMEF, and 124.8 cm? for the control.

The plantlets were kept for a longer time under shel-
ter prior to transfer to the field. This situation provided
the opportunity to evaluate plant height, stem diameter,
and leaf area at 360 d (Fig. 3A). The results showed that
plant height and stem diameter were significantly higher
(p £0.05) in plantlets inoculated with commercial AMF
compared with plantlets with the other two treatments
(Fig. 3B). In addition, leaf area was significantly higher
(p £0.05) in plantlets inoculated with commercial and
native AMF compared to non-inoculated plants (Fig. 3B).

Chlorophyll Fluorescence During acclimatization, the
chlorophyll fluorescence (F,/F,,) of the leaves ranged
from 0.735 to 0.801 at the time of transplant; it decreased
at 30 d 0.739, then increased to 0.753 at 90 d to remain
with very little change afterward (Fig. 4A). There were
differences among the treatments but none that were
significant (p <0.05). The performance index (PI,gg)
initially ranged from 3.95 to 4.32 and increased from
4.78 to 4.96 at 180 d of acclimatization (Fig. 4B). Again,
the differences between treatments were not significant
(p £0.05, Dunnett’s test).
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Figure 1. Cocos nucifera L. plantlet survival during 180 d inoculated with arbuscular mycorrhizal fungi. (A) Experiment 1. (B) Experiment 2.
Different letters in each line show significant differences (p <0.05) between treatments on the Dunnett’s test.
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Figure 2. Growth parameters in micropropagated Cocos nucifera L.
plantlets during acclimatization under three different treatments of
arbuscular mycorrhizal fungi inoculation. Each line represents the
means of 30 plantlets for treatment+ DE (standard error) during 180

Photosynthetic Rate Regarding the photosynthetic rate, the
initial values ranged from 7.26 to 7.65 umol CO,-m~2.s~!
for the three treatments. Then, it showed an increase at 90
d, ranging from 10.67 to 12.24 umol CO,-m~2-s~!, with very
little change at 180 d (Fig. 4C). The differences observed
between treatments were not significant (p <0.05).

Root Growth The number of primary roots of the coconut
plants during acclimatization for the different treatments
showed very little change from 3 to 3.5 at the beginning
and from 3 to 4 at the end of the 180-d period (Fig. 5A).
Therefore, this difference from the beginning to the end of
the evaluation and the differences between treatments were
not significant.

In the case of root growth, an increase was observed for
primary roots in plants with the three treatments. It ranged
from 3 to 4.5 cm at the beginning, and this increased from
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d under greenhouse conditions. (A) Plantlet height, (B) Stem diam-
eter, (C) Leaf number, and (D) Leaf area. Different letters in each line
show significant differences between treatments (p <0.05, Dunnett’s
test).

9 to 19 cm at the end of the 180-d period (Fig. 5B). There
were differences between treatments, but they were not
significant.

The number of secondary roots in the plants showed
no increase during the first 60 d with the three treatments.
However, after 90 d, it increased significantly (p <0.05) to
109.0 + 14.1 in plants under the commercial AMF treatment
and 61.5+4.13 in plants under the native AMF treatment,
compared to 38.3 +17.5 in non-inoculated plants (Fig. 5C).
The secondary root length was not considered because it had
a large variability.

Identification of Species of Arbuscular Mycorrhizal
Fungi The native AMF species identified were (1) Acau-
lospora sp. 1, (2) Acaulospora sp. 2, (3) Acaulospora sp. 3,
(4) Claroideoglomus etunicatum, (5) Dominikia aurea, (6)
Entrophospora infrequens, (7) Glomus aff. Glomerulatum,
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Figure 3. Growth of Cocos nucifera L. plantlets inoculated with
arbuscular mycorrhizal fungi 360 d after the start of acclimatization.
(A) Cocos nucifera L. plantlets with the different treatments: inocu-
lation with native or commercial arbuscular mycorrhizal fungi, and
control with no inoculation. (B) Growth evaluation on plant height,

(8) Glomus sp. 1, (9) Glomus sp. 2, (10) Rhizoglomus
aggregatum, (11) Racocetra, (12) Sclerocystis sp. 1, and
(13) Septoglomus sp. 1 (Fig. 6).

Root Colonization The mycorrhization frequency estimated
in coconut plantlet roots inoculated with native AMF is
shown in Fig. 7A. The colonization of native AMF started
at 15 d with hyphae formation (6.8% of frequency). Then, it
decreased on day 30 to 1.2% and increased again to 10.4%
on day 60. At day 90, it decreased again to 2.2% and then
increased to 7.9% at day 180. Vesicles appeared at 30 d,
peaking at 10.6% on 60, and decreased at day 90 at nearly
0.6%. Finally, it increased to 1.2% at 180 d. Arbuscules
appeared at day 60 with 3.1% frequency, decreased to nearly
0% at day 90, then increasing again to 1.8% at 180 d. In
the case of coils, they appeared on day 30 at 2.4%, then
decreased to 0.6% on day 60, only to increase again to 10.2%
on day 180.

The frequency of mycorrhization in plantlet roots
inoculated with commercial AMF is shown in Fig. 7B.

stem diameter, and leaf area of plantlets with the different treatments:
inoculation with native or commercial arbuscular mycorrhizal fungi.
Each bar represents the means of 30 plantlets for treatment+DE
(standard error). Different letters show significant differences
between treatments (p <0.05 Dunnett’s test).

Colonization started with the appearance of hyphae with
a frequency of 8.4% on day 15. It decreased to about 5.9%
on day 30. Then, it more than doubled to 18.3% at day 90
and slightly decreased to 16.1% at day 180. Vesicles and
coils were nearly non-existent (< 1%) throughout the 180 d.
Arbuscules appeared at day 60 with a frequency of 12.1%
and decreased to 4.1% at day 90. It increased afterward to
9% at 180 d. In contrast, the plantlets without AMF did not
show mycorrhizal colonization.

Discussion

Acclimatization of micropropagated plantlets is the last stage
before they are ready for establishment in the field, and it is
essential to ensure their survival under ex vitro conditions.
In the case of coconut micropropagated plantlets, there are
no reports in the literature on their acclimatization. However,
there are reports for micropropagated plantlets of other palm
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Figure 4. Photosynthetic parameters of Cocos nucifera L. plantlets
inoculated with arbuscular mycorrhizal fungi. Each line represents
the means of 30 repetitions + DE (standard error). (A) Relation F/F,

species with survival of 84% for P. dactylifera (El Kinany et
al. 2019) and 55% for E. guineensis (Schultz 2001). How-
ever, it is also found that these responses could be improved
by up to 100% when the plantlets were inoculated with AMF
during acclimatization. So, the present study reported the
effect of native and commercial AMF on the performance
and survival during the acclimatization of coconut plantlets
obtained by somatic embryogenesis. Two experiments were
carried out in which survival was evaluated. In the first one,
the survival percentage was 77%, and when plantlets were
inoculated with native AMF, survival increased 1.19-fold.
In the second experiment, survival was lower (67%), but
again when treated with native AMF, it increased 1.24-fold.

The reduced survival in the second experiment might
have been because the experiment was carried out during
the pandemic, and the acclimatization conditions could not
be kept optimal, particularly regarding irrigation frequency.
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(B) Performance index (PL). (C) Photosynthetic rate. Different lez-
ters in each line show significant differences between treatments
(p<0.05 on the Dunnett’s test).

Whereas for the first experiment, conditions were optimal.
Therefore, even under suboptimal conditions, native AMF
treatment promotes survival. However, in both experiments,
survival increased only with native AMF but not with com-
mercial AMF. Although there are no reports in the literature
testing comparatively the use of native and commercial AMF
mixes on plantlets, a report on cassava (Manihot esculenta
Crantz) plantlets (Azcon-Aguilar et al. 1997) showed that
the survival of AMF species Glomus deserticola increased
from 75 to over 90% during acclimatization, similarly to the
present results.

Growth and physiological parameters were evaluated in
parts above the ground. In the case of growth parameters,
very similar patterns were observed for the three treatments
with no significant differences. However, height, stem
diameter, and leaf area were slightly higher in plantlets
treated with commercial AMF. So, for these parameters,
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Figure 5. Rooting parameters of micropropagated Cocos nucifera
L. plantlets grown with different arbuscular mycorrhizal fungi treat-
ments. (A) Primary roots number, (B) Primary root length, (C) Sec-

there was an additional evaluation at 360 d when plantlets
were growing in the nursery before being transferred to
the field; there were significantly larger values in plantlets
treated with AMF (commercial or native) than in those
not treated. Similarly, in a study with coconut seedlings
treated with AMF, the volume and dry weight of primary,
secondary, tertiary, and quaternary roots increased after 5
to 7 mo in the nursery, and leaf production rate and stem
girth were significantly higher after 12 to 18 mo in the field
(Senarathne and Ilangamudali 2018). When growth was
evaluated in roots, there was no significant difference in the
number and length of primary roots between treatments.
However, the number of secondary roots at day 90 and day
180 was significantly larger in plantlets treated with com-
mercial AMF than with the other treatments. Senarathne
and Ilangamudali (2018) also reported greater growth of
roots of coconut seedlings after 5 to 7 mo of applying a
commercial AMF treatment. Also, El Kinany et al. (2019)
observed that after 12 mo of growth, the number of roots
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ondary roots number. Each value represents the means of three inde-
pendent replicates + DE. Different letters in each line show significant
differences (p <0.05) between treatments with the Dunnett’s test.

of date palms was significantly improved following AMF
and compost application. Regarding measurements of pho-
tosynthetic parameters during acclimatization, there were
no significant variations when plantlets were treated with
AMF. However, no negative effects were observed, indi-
cating that the plants were not stressed (F,/F,,) and that
the performance index values (PI,pg) were typical. Simi-
lar results were observed in date palms after 3 to 4 mo of
growth under acclimatization conditions when treated with
Rhizoglomus irregulare and a native consortium (Anli et al.
2020a, 2020b). In the case of photosynthesis, although it
was low at the beginning, it was expected as plantlets were
coming from an in vitro environment.

In a third experiment, root colonization was evaluated
when plantlets were treated with commercial or native
AMF, and there were differences. The root of all plantlets
sampled was colonized, and there were two colonization
patterns. According to the mycorrhizal structures found,
it could be assumed that the coconut root morphology
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Figure 6. Arbuscular mycorrhizal fungi isolated from soil associated
with the coconut rhizosphere. (1) Acaulospora sp. 1, (2) Acaulospora
sp. 2, (3) Acaulospora sp. 3, (4) Claroideoglomus etunicatum (W.N.
Becker & Gerd.) C. Walker & A. Schiiller, (5) Dominikia aurea
(Oehl & Sieverd.) Btaszk., Chwat, G.A. Silva & Oehl, (6) Entrophos-
pora infrequens (IL.R. Hall) RN. Ames & R.W. Schneid, (7) Glomus

showed intermedia-type colonization between the Arum
and the Paris types, similar to other palm species (Brahea
armata, Chamaerops humilis L., Phoenix canariensis,
Phoenix dactylifera L.; Dreyer et al. 2010). The patterns
differed in amount and type of structures, but there was
also an earlier increase in all structures with native AMF.
Furthermore, within this period of 60 d, there was a drop
in the percentage of surviving plantlets that was about 10%

aff. glomerulatum Sieverd, (8) Glomus sp. 1, (9) Glomus sp. 2, (10)
Rhizoglomus aggregatum (N.C. Schenck & G.S. Sm.) Sieverd., G.A.
Silva & Oehl, (11) Racocetra gregaria (N.C. Schenck & T.H. Nicol-
son) Oehl, F.A. Souza & Sieverd, (12) Sclerocystis sp. 1, and (13)
Septoglomus sp. 1.

or lower with native AMF, but it was 20% or higher with
commercial AMF or no AMF treatment. So, treating the
plantlets with native AMF helped reduce plantlet loss dur-
ing acclimatization, an effect that could be associated with
the pattern of colonization during the first 60 d of acclima-
tization. This difference in survival associated with native
AMEF could be because native AMF species are adapted to
local climatic and soil conditions and, therefore, could be
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Figure 7. Formation of colonization structures in Cocos nucifera L. plantlet roots treated within 180 d after transplanting. The values are the
average of three independent replicates. (A) Colonization (%) with native AMF. (B) Colonization (%) with commercial AMF.

more likely to survive and spread after transplantation than
non-native AMF (Davidson ef al. 2016). Several species
of mono- and dicotyledonous plants have been reported to
experience an increase in their survival when treated with
AMF (native or commercial) with an average of 1.31- and
1.50-fold (see Table 2S) and 1.26-fold in plantlets inocu-
lated with native AMF.

These differences could result from having different
fungi species mixtures in both the native AMF mix and
the commercial AMF mix. The commercial AMF contains
G. intraradices and E. colombiana; these species have
contributed to improve plant height and stem diameter in
different hosts (Vazquez-Hernandez et al. 2011; Vafadar et
al. 2014). Native AMF contains mainly Glomus and Acau-
lospora genera, which are the most common and abundant
species, especially in the Neotropical region of Mexico
where there is a generic codominance (Polo-Marcial et
al. 2021) both in environments natural and transformed
by man with an ability to adapt to a wide range of envi-
ronmental and soil conditions and thus confer a more ben-
eficial effect to hosts (Estrada et al. 2013; Nobre et al.
2018). The use of native AMF mixes confers fungal-plant
compatibility and functional complementarity, which is
essential for the symbiotic efficiency of the host plants
(Goetten et al. 2016; Crossay et al. 2019).

The observed differences in the colonization patterns
could be related to the role of the structures involved in the
colonization process. In this process, the hyphal network
is a key element in the interconnection of plant roots in the
soil (Baslam et al. 2014; da Silva et al. 2021). In the case of
arbuscules, they are considered the main site of symbiotic
exchange with the host plant (Brundrett ef al. 1996), mainly
inorganic phosphorous, which is taken up by AMF hyphae

and transferred to intraradical fungal structures (Wipf et al.
2019). It is also proposed that coils represent a large surface
area of an intracellular interface similar to an arbuscule;
in the absence of arbuscules, the plant must use coils in a
similar way to arbuscules, and they have a longer life than
the arbuscules (Brundrett and Kendrick 1988; Brundrett and
Kendrick 1990; Brundrett ef al. 1996; Jakobsen et al. 2003;
Fedderman et al. 2010; Smith and Smith 2011). In addition,
vesicles are fundamental in the generation of propagules
(Willis et al. 2013). Klironomos and Hart (2003) provided
evidence suggesting that vesicles alone are infective, sug-
gesting that vesicles can favor the successful colonization
of more roots. All the responses reported here in coconut
plantlets treated with AMF must be the result of the AMF-
plant interaction; and, as reported by Bahadur ez al. (2019),
these AMF-mediated responses in plants include induction
of genes and concomitant induction of metabolic and physi-
ological pathways.

Conclusions

The present study showed that using native AMF increased
the survival of coconut plantlets produced in vitro through
somatic embryogenesis. Also, commercial AMF improved
the plant height, leaf area, stem diameter, and secondary
root. Then, considering this differential effect of the native
and commercial AMF mixes tested, it will be very impor-
tant to test both AMF treatments applied together simul-
taneously, or sequentially, then applying native AMF first
and commercial AMF second, to evaluate if the effects are
additive. In addition, it will be necessary to evaluate the per-
formance and survival of the acclimatized and AMF-treated
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plants treated after establishing them in the field. Finally,
another area of research that should be considered is the
study of the underlying mechanisms of the interaction of
AMF with coconut plantlets to further understand it. The
results of both types of research, basic and applied, will be
useful to establish the basis for the improvement of the use
of AMF for acclimatization and field performance of micro-
propagated plants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11627-023-10345-5.
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