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Low inorganic phosphorus (Pi) supply limits the photosynthetic process and hence plants growth and development. Contradictory
reports exist in the literature on whether mycorrhyzal association can attenuate the negative effects of low Pi supply on
photosynthesis and growth. In the present paper, the effect that low Pi supply may have on photosynthesis and growth of papaya
Maradol plants was evaluated in intact plants and in those inoculated with two different strains of the arbuscular mycorrhizal
fungi Glomus intraradices. Plant growth was significantly reduced as the Pi supply decreased. However, inoculation with any strain
of G. intraradices was able to attenuate such effect. Without Pi in the nutrient solution, the mycorrhizal plants had on average 6.1
times and 7.5 higher photosynthesis than non mycorrhizal plants. The chlorophyll fluorescence values were significantly higher in
mycorrhizal than in non-mycorrhizal plants. These results could be associated to an increased ability of mycorhyzal plants to take
up Pi from the substrate, as they had higher Pi content than non-mycorrhizal plants. A high correlation was found between internal
Pi content and plant biomass. The lower correlation between Pi content and photosynthesis, suggests that some photosynthates
could had been used to maintain the symbiosis.

1. Introduction

The scarcity of nutrients is a factor that limits physiological
processes in plants, including photosynthesis, their growth,
and development [1]. Phosphorus (P) deficiency normally
reduces the root system development and plant establish-
ment because it has an important role in cell division,
growth, photosynthesis (Pn), respiration, energy storage, and
transfer [2–4]. So that, in many agricultural systems, it is
necessary to supply P in order to have good productivity [5].

When plants grow with nutrient scarcity, some of
them are capable of modifying their root architecture, to
exude organic acids, or to establish associations with some
beneficial organisms as strategies to compensate for the
low concentration of nutrient in the substrate. Among the
beneficial organisms for plants, the arbuscular mycorrhizal
(AM) fungi have a very important role in plant nutrition

[6, 7]. It is through AM association that plants increase their
capacity to take up organic phosphorus (Pi) from the soil
solution [8–10] that normally translates into better growth
than that of non-AM plants [11, 12].

Nevertheless, it has been reported that AM association
could be more or less beneficial to the plant growth
depending on the plant species and the AM fungi species
[8]. In commercial papaya varieties Sunrise and Tainung,
the inoculation with Gigaspora margarita induced higher
production of dry matter than with Glomus clarum, growing
under similar conditions [13].

Most of the studies on the role of the AM association
on plants behavior are undertaken using soil [13] or a mix
of inert materials-soil [11, 14, 15] with different chemical
properties in every case, which is a factor that can modify
the Pi availability for the plants. In order to control the
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availability of nutrients, the present research was made in a
hydroponics system under greenhouse conditions, focusing
on the effect of colonisation with two strains of Gloms
intraradices on the growth and Pn of papaya Maradol,
growing with low availability of Pi in Hoagland’s solution
(HS).

2. Materials and Methods

2.1. Plants, AM Fungi, and Growing Conditions. Seeds of
papaya Maradol (Carica papaya var. Maradol, Carisem) were
germinated in wet chambers in darkness at 35◦C ± 3◦C.
After that, they were grown in nurseries for 15–18 days
until the plants had three to four leaves. Then, plants were
transplanted into single pots (black nursery bags of 35 ×
25 centimeters) which were previously filled with agrolite,
a sterile and, inert substrate, chemically stable in neutral
and acid pH. At all times, the experiment was maintained
under greenhouse conditions, with 35◦C temperature, 55%
relative humidity, and a photosynthetic photon flow density
of around 300µmol m−2s−1.

The inoculants used were two strains of the AM
fungi Gloms intraradices from different origin: (1) a
commercial strain Endo-Rhyza (+Mic1), that consists in
spores immersed in vermiculite (2) a noncommercial strain
(+Mic2), isolated and propagated in the Microbiology
Area, Natural Resources, Postgraduates College, Montecillo,
Mexico, consisting of spores and little segments of colonized
roots in a soil-tezontle mix used as support.

When the plants were transplanted to single pots, each
plant was inoculated with approximately 160 spores of each
AM fungi strain, and the nonmycorrhizal and control groups
were supplied with the same support from the noncommer-
cial strain inoculant, previously sterilized. After that, in order
to maintain all plants with the same pretreatment supply of
Pi in solution and to stimulate AM colonization, all plants
were supplied with 200 mL of low Pi (0.3 mM) Hoagland
solution (HS) [16] twice a week and 250 mL of distilled water
once a week for five weeks. At the end of these five weeks the
AM colonization was verified taking a sample from the roots
of five inoculated plants.

Then, the different Pi concentration treatments were
started, by supplying modified HS containing the various Pi
concentrations (0, 0.3, 0.6 mM). The pH was adjusted to 6.7,
and the necessary amount of ammonium nitrate (0.040 g,
0.028 g y 0.016 g, resp.) was added to HS in order to maintain
the N concentration in each case.

The experiment included nine treatments by combining
three Pi concentrations (0, 0.3, and 0.6 mM) and three
AM conditions (+Mic1, +Mic2, and without inoculation,
denoted as −Mic). Every treatment had five plants (as exper-
imental units). The control was a papaya Maradol group
without AM fungi supplied with HS without modification
(Pi concentration of 1.0 mM).

Data from Pn and FV/FM were taken after the presence
of AM structures was verified (week five) in the roots, at
weeks seven, nine, and ten (weeks two, four, and five after
the treatments were initiated). Growth parameters, leaves P

content and the percentage of AM colonization, were taken
only at week ten.

2.2. Growth Measurements. The stem diameter was mea-
sured two centimeters from the base to the apex. The plants
height was measured from the base to the apex of the stem.
Dry weight was determined dividing each plant into shoot
and root before they were oven-dried at 70◦C to constant
weight in order to obtain shoot, root, and total dry weight
(DW).

2.3. Photosynthesis and FV/FM Measurements. Pn was evalu-
ated as CO2 assimilation, using the third and fourth leaves
from the apex to the base of the stem. It was measured
between 11 and 13:30 hours, with an infrared gas analyzer
(IRGA) LICOR model LI-6200. FV/FM data were taken on the
same leaves that were used to measure photosynthesis after
they were preacclimated to darkness for 30 minutes. A Plant
Efficiency Analyzer (PEA, Hansatech Instruments Ltd., Kings
Lynn, UK) was used set at 70% for two seconds.

2.4. Phosphorus Measurements. Leaves P content measure-
ments were carried out by digesting the plant material with
nitric acid at 80◦C [17]. The measurements were carried out
using an optical emission spectrometer inductively coupled
to plasma (OES-ICP), Perkin Elmer 400, at 253.4 nm.

2.5. Arbuscular Mycorrhizal Colonization. To estimate the
AM colonization, the roots were stained with trypan blue
[18]. A total of 20 fragments of stained roots (about
1 cm long) for each treatment were mounted on slides in
lactic acid and examined with an optical microscope (10x)
to ascertain the presence of AM structures. Colonization
percentage was calculated by

% Colonization = Number of colonized segments
number of total segments viewed

× 100.

(1)

Data are presented as the means of five replicates ± standard
deviation (SD) and were analyzed by ANOVA test using
the Statgraphics 4.1 Plus program. Differences between the
treatments were tested using the Tukey test at 95% of
confidence (P ≤ 0.05).

3. Results

3.1. Plant Growth. Most of the growth parameters measured
decreased significantly when the Pi supply in HS decreased.
However, this effect was attenuated by the AM association.
Stem diameter decreased as the Pi supply was reduced.
However, this drop was attenuated by the AM association.
When Pi was reduced from 1.0 to 0.6 and 0.3 mM, a similar
reduction in stem diameter occurred in both −Mic and
+Mic plants. However, when HS had no added Pi (0 mM),
stem diameter was reduced 91% in −Mic, while only 74%
in +Mic1 and +Mic2 plants compared to control plants
(1.0 mM) (Figure 1).
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Figure 1: (a) Plant height, (b) stem diameter from papaya Maradol plants at week five of the experiment, grown with or without mycorrhiza
and treated with Pi 0 mM, Pi 0.3 mM, and Pi 0.6 mM. Control plants were grown without mycorrhiza but treated with Pi 1 mM. Data are
means ± SD (n = 5). Values with the same letter for treatments within each Pi concentration had no statistical difference (Tukey 95%).

Shoots, roots, and total plant DW also decreased as the
Pi supply was reduced and again the drop was attenuated
in +Mic plants. With Pi 0.3 mM in HS total DW was
reduced by 20% in −Mic, while only 13% and 7% in +Mic1
and +Mic2, respectively (Figure 2(b)). When grown in HS
solution with no added Pi, +Mic plants maintained 10 times
higher biomass than −MR plants (Figure 2(a)).

3.2. Photosynthesis and FV/FM. Pn also decreased drastically
as the Pi supply was reduced but MA not only was able to
attenuate this effect but in some cases Pn in +Mic plants
grown at low Pi showed higher Pn than control plants grown
without Pi limitation. With Pi 0.3 mM −Mic plants reduced
their Pn by 63.6% while +Mic plants showed Pn, values that
were in fact higher than those in control plants grown with
1.0 mM (Figure 3(b)). Even when no Pi was added to the HS
(0 mM), +Mic plants maintained significantly higher Pn than
−Mic plants (Figure 3(a)).

FV/FM also decreased as the Pi supply was reduced.
However at week 5, FV/FM values remained significantly
higher in +Mic plants than in −Mic plants treated with both
0.3 mM and 0 mM Pi (Figures 4(a) and 4(b)).

3.3. Phosphorus Content. The foliar P content decreased
as the Pi supply was reduced and again AM was able to
attenuate this drop. In the case of total absence of added
Pi through the HS (0 mM), +Mic plants had significantly
higher leaf P content than −Mic plants (Figure 5). Also,
mycorrhizal plants inoculated with +Mic2 had significantly
higher P content than the −Mic plants at P1 0.6 mM, and
in fact this treatment was the only one that showed laef P
contents similar to the control plants grown with full HS
containing 1 mM Pi.

3.4. AM Colonization. No AM colonization was observed in
roots of −Mic plants throughout the fertilization gradient.
The higher AM colonization occurred in +Mic1 without
Pi supply (Table 1). For both strains, AM colonization
decreased as the Pi supply in HS increased. Nevertheless, this
reduction was lower in AM plants inoculated with +Mic2,
whose AM colonization remained two and tree times higher
(with Pi 0.3 mM and 0.6 mM, resp.) than those inoculated
with +Mic1 (Table 1).

4. Discussion

Our results indicate that both strains of G. intraradices
were able to attenuate the negative effect caused by low Pi
supply on the growth (total DW) of papaya Maradol plants.
One possible explanation for that could be the fact that
mycorrhizal papaya Maradol plants kept more leaves than
non mycorrhizal plants (data not shown) and that surely
contributed to the larger shoot DW. With low Pi supply
(0.3 mM) the AM association allowed DW and plant height
to remain similar to those at plants grown with higher Pi
supply (0.6 mM) or even those at control plants. In other
study models like strawberry [19] or Medicago truncatula
[15] it has also been reported that AM association reduces
the stress due to the low Pi availability on plant growth. Some
commercial papaya varieties like Baixinho, Tainung, Sunrise,
and Improved also had greater dry matter production
in association with AM fungi G. clarum and Gigaspora
margarita [13]. The fact that the growth response of papaya
Maradol to the AM inoculation was greater, particularly at
lower concentration of Pi, and that this response decreased
at higher Pi concentration in HS, places papaya Maradol in
the facultative arbuscular mycorrhizal species group.
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Figure 2: Dry weight of (a) shoots, (b) roots, (c) total plant weight from papaya Maradol plants at week five of the experiment, grown with
or without mycorrhiza and treated with Pi 0 mM, Pi 0.3 mM, and Pi 0.6 mM. Control plants were grown without mycorrhiza but treated
with Pi 1 mM. Data are means ± SD (n = 5). Values with the same letter for treatments within each Pi concentration had no statistical
difference (Tukey 95%).

Table 1: Arbuscular mycorrhizal colonization (%) in papaya
Maradol roots, at week five of the experiment. Data are means
(n = 5). Values with the same letter in each strain across the Pi
gradient had no statistical difference (Tukey 95%). Values with the
same uppercase letter in the row had no statistical difference.

Mycorrhizal condition
Phosphorus (mM)

0.0 0.3 0.6 1.0∗

−Mic 0.0 0.0 0.0 0.0

+Mic1 82.0aA 16.0bA 10.0bA nc

+Mic2 76.0aA 37.0bB 32.0bB nc
∗

Total control with Pi 0 mM where arbuscular mycorrhizal colonization was
not observed;−Mic: without mycorrhiza, +Mic1: commercial strain, +Mic2:
noncommercial strain. nc = not considered.

The beneficial effect of AM association on papaya
Maradol CO2 assimilation is important because it indicates

that somehow the mycorrhizal plants are capable of reducing
the stress on the photosynthetic apparatus caused by the low
availability of Pi.

It has been reported that the negative effect of the nutri-
ent scarcity on the development of many crops is associated
with the reduction of Pn, FV/FM, and gs, in corn [20] while
in sugar beet, the low Pi reduced CO2 assimilation by 33%
[21]. This negative effect of low Pi supply can be related
to many aspects such as reduction of chlorophyll a and b,
affecting also, the PSI and PSII efficiency [20]. Furthermore,
Pi is necessary to couple photosynthetic reactions in the dark
and light phases, because of its structural and regulatory role
in energy conservation and CO2 assimilation [22].

The ratio variable fluorescence over maximum fluores-
cence (FV/FM) has been used as an important and easily
measurable parameter of the physiological status of the
photosynthetic apparatus in intact plant leaves. When plants
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Figure 3: Pn changes observed at weeks 2, 4, and 5 of the experiment in papaya Maradol plants grown with or without mycorrhiza. (a) Pi
0 mM, (b) Pi 0.3 mM, (c) Pi 0.6 mM. Control group was grown without AM fungi supplied, with Pi 1.0 mM. Data are means ± SD (n = 5).
Values with the same letter for treatments within each week, had no statistical difference (Tukey 95%).

grow in good conditions, the photosynthetic efficiency has
values about 0.83 but when an environmental factor is
stressing them, the PSII efficiency is affected and the FV/FM

values fall [23]. In the present work, the FV/FM values suggest
that AM association reduced the damage of Pi stress on the
maximum efficiency of PSII.

On the other hand, it has been reported that AM
colonization improves Pn in young leaves but this is not
necessarily translated into an increased dry weight [24] as
the gained carbon could be used to maintain the symbiosis
in addition to growth [25]. In the present work, the AM
colonization benefit was reduced when papaya Maradol was
fertilized with Pi 0.6 mM. This may be because, as it has been
proposed by Olsson et al. [26], under conditions of sufficient
P the root reduced the carbon flow to the fungus, therefore
the response of AM association to P sufficient conditions
would depend on the P status of the colonized root.

Our results show that even without supply of added Pi in
HS (0 mM), papaya Maradol plants associated with the AM
fungus G. intraradices had higher leaf P content than their
−Mic counterparts. It has been shown that the Pi taken up
by AM fungus G. intraradices is delivered almost totally to
the plant, contributing significantly to the plants P take-up
capacity from the soil [15].

The higher P content reported in the present work in
+Mic plants compared to those at−Mic plants in the absence
of supplied Pi through the HS (Pi = 0 mM) may be explained
by the fact that the mycorrhizal association enabled plants to
take up more Pi from that still present in the substrate from
the pretreatment Pi supply (see Section 2).

The P foliar concentrations found in our experiments are
in agreement with other reports [21]. The total P reported
here is on the range of those reported for other plant species
[7, 8, 27]. The ranges of P content reported through the
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Figure 4: Chlorophyll fluorescence (FV/FM) found at week five of the experiment in papaya Maradol plants grown with or without
mycorrhiza with (a) Pi 0 mM, (b) Pi 0.3 mM, and (c) 0.6 Pi mM. Control group was grown without AM fungi supplied, with Pi 1.0 mM.
Data are means ± SD (n = 5). Values with the same letter for treatments within each week had no statistical difference (Tukey 95%).

literature may be the result of the fact that in every case the
Pi availability of the substrate is different or because the P
uptake is different not as a result of the AM colonization
intensity but perhaps because of differences in the expression
of genes involved in Pi transport in the different species [7].

The AM colonization intensity in a plant, depends on
the AM fungi species to which the plant is associated [15].
Although, it has been reported that sometimes the mineral
fertilization is not decreasing the AM colonization [19, 28],
in most cases it has been suggested that increased supply of
Pi decreases the AM colonization in crops like wheat or pea
[29], Zea mays and Cucurbita pepo [30]. In the present work,
colonization decreased as the Pi concentration was reduced
but at concentrations as high as 0.6 mM Pi, AM colonization
was not totally inhibited, particularly with +Mic2 (Table 1).

It is suggested that under the experimental conditions of
this work, the papaya Maradol efficiency to take up Pi was
increased when it was associated with G. intraradices result-
ing in higher Pn and dry weight than their noninoculated

counterparts grown at the same Pi condition. Furthermore,
Pn and FV/FM values found in +MIC plants at low Pi
levels were closer to those of control plants grown without
Pi limitation. However, the Pearson’s coefficient shows low
correlation between Pn and leaves P content (r = 0.52
and 0.6 for +Mic1 and +Mic2, resp.) while the correlation
coefficient between dry weight and leaves P content was high
(r = 0.96) with the two strains of G. intraradices suggesting
that AM association allowed more plant growth but part of
photosynthates resulting from the increased Pn were used to
maintain the association.

From our results, it can be concluded that growth and
Pn in papaya Maradol plants decreased strongly under low
Pi supply. However, the AM association with G. intraradices
contributed to reduce the impact of the Pi scarcity on
these parameters. On the other hand, it is suggested that
the larger dry weight of AM plants, especially when Pi
was not added in HS, was related to a better efficiency
to take up Pi from their substrate. Finally, and despite
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in papaya Maradol plants grown with or without mycorrhiza and
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the fact that AM association enhanced uptake of Pi and
increased Pn, the lower correlation between them suggests
that some photosynthates could had been used to maintain
the symbiosis.
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