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Abstract The different resource demands on male and
female plants of dioecious species can lead to secondary
sexual dimorphisms. Male and female plants might also
interact differently with antagonists and mutualists. We
used a repeated measures natural experiment in five
subpopulations to investigate secondary sexual dimor-
phism in Carica papaya including interactions with
arbuscular mycorrhizal fungi. Male and female plants
did not differ in size or growth rate, but male plants
flowered earlier than female plants. We observed
different patterns of root colonization by arbuscular
mycorrhizal fungi in male and female plants of C.
papaya. These differences between the sexes preceded
the flowering of most female plants. Female plants
were sensitive to changes in soil fertility and adjusted
the extent of their root colonization by arbuscular
mycorrhizal fungi accordingly. Overall, the different
resource demands on male and female plants seem to
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Introduction

In seed plants, studies have consistently shown a
greater overall resource allocation to the female
function compared with that to the male function
(Goldman and Wilson 1986). There are different
resource demands on each sex (Obeso 2002; Case
and Ashman 2005) and in dioecious species, in which
male and female sexual functions are entirely inde-
pendent, there are different resource demands on
different individuals. Dioecy has evolved in 38—43%
of flowering plant families and in around 6% of
angiosperm species (Renner and Ricklefs 1995).
However, in tropical regions, dioecy is much more
common, occurring in over 21% of flowering flora
(Bawa 1980). In dioecious species, sex-specific
resource allocation patterns have been consistently
reported (Lloyd and Webb 1977), and different
investments in reproductive functions by male and
female plants are associated with male-biased sex
ratios in unfavourable environments (Bierziychudek
and Eckhart 1988), faster growth rates in males
(Obeso et al. 1998), extended longevity in males (de
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Jong and Van der Meijden 2004), increased flowering
frequency in males (Thomas and LaFrankie 1993),
and increased resource allocation to anti-herbivore
defences in females (Cornelissen and Stiling 2005).

The different resource demands on the male and
female plants of dioecious species become evident in
ecological correlates such as those listed above. Never-
theless, there has been a conspicuous lack of investiga-
tion of sex-related effects on mineral cycling. If male and
female plants of dioecious species have different
resource demands, it is likely that they differ in their
uptake of soil nutrients. The work of Rhoades et al.
(1994) with Simarouba amara is perhaps the only study
in which the sex-specific effects on mineral cycling
have been investigated. They suggested that sex-
dependent controls on phosphorus may include below-
canopy enrichment of the available phosphorus by fruit
and litter cycling or increases in phosphorus transfor-
mation from bound to labile forms. The latter control on
phosphorus may be linked to the activity of arbuscular
mycorrhizal (AM) fungi, which access inorganic and
organic phosphorus sources that are unavailable to
non-mycorrhizal plants (Cardoso and Kuyper 2006).
Although some efforts have been made to understand the
effects of AM fungi on resource allocation to male and
female functions in monoecious and hermaphroditic
species (Lu and Koide 1994; Pendleton 2000; Philip
et al. 2001; Poulton et al. 2001a, b, 2002), similar
studies on dioecious species have just started to appear
in the literature (Varga and Kytoviita 2008).

Around 80% of plant species and 92% of plant
families (Wang and Qiu 2006) form mycorrhizal
interactions. In general, mycorrhizal fungi enhance
the uptake of soil minerals and possibly water by
plants (Koide 1991; Lee and George 2005). Mycorrhi-
zal fungi also increase plant resistance to drought
(Kaya et al. 2003; Garcia et al. 2008) and pathogen
attack (Cardoso and Kuyper 2006; Carlsen et al. 2008).
Conversely, mycorrhizal interactions are expensive for
plants because the fungi can consume up to 4-30% of
the plant’s photosynthates (Jakobsen and Rosendahl
1990; Finlay and Soderstrom 1992). However, mycor-
rhizal interactions in most plants seem to be sensitive
to changes in soil fertility (facultative mycotrophy). In
general, root colonization by mycorrhizal fungi corre-
lates negatively with the concentration of readily
available phosphorus in the soil (Treseder 2004).

Because there are different resource demands on
male and female plants, and mycorrhizal fungi enhance
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the uptake of soil minerals in most plant species, we
investigated sex-dependent patterns of root colonization
by AM fungi in dioecious wild Carica papaya. A
variety of cultivars of Carica papaya are grown in
most tropical regions and wild populations are com-
mon in all those areas. Nevertheless, genuine wild
populations are restricted to tropical America (Badillo
1971). Carica papaya is classified in the Caricaceae
family, and native populations are strictly dioecious
(Badillo 1971), whereas hermaphrodite flowers are
common in cultivars (Storey 1941). Sexual expression
in C. papaya is genetically determined by a pair of
homomorphic sex chromosomes (Yu et al. 2007).
Although some cultivars are know to undergo sex
changes when the stems are mechanically damaged
(Irons 1908) or with changes in environmental factors:
temperature, carbon dioxide, acetylene (Lange 1961),
there is no evidence of sex change in native wild
populations of C. papaya. Carica papaya is pollinated
by Lepidoptera, but wind-assisted pollination has also
been reported (Hernandez and Acosta 1992). Carica
papaya blooms and fruits all year, and cultivars have
been reported as mycotrophic (Trindade et al. 2006).

In this study, we aimed to answer three questions.
Is there secondary sexual dimorphism in the sizes and
pre-reproductive growth rates of C. papaya plants?
Are there sex-specific patterns of root colonization by
AM fungi in C. papaya? Does soil fertility affect AM
interactions in male and female plants? Because the
resource demands on female plants are generally
greater than those on male plants, we predicted
greater root colonization by AM fungi in female
plants, potentially enhancing the uptake of mineral
nutrients compared with male plants (see Delph
1990). However, because AM fungi interactions are
expensive for the plant, we also hypothesized that
female plants are more sensitive to changes in soil
fertility than are male plants and that they achieve the
best possible balance in resource allocation to growth,
defence, reproduction, and the maintenance of mutu-
alists (Lloyd and Webb 1977; Obeso 2002).

Materials and methods
Study site

This study was performed in southern Mexico in the
region know as Los Tuxtlas (18°35'07.51"-18°35'
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11.12" N and 95°04'05.09"-95°04'00.41” W) in an
area of 5.8 km?® at an elevation of 60—165 m above
sea level in the vicinity of the road between La Palma
and the Universidad Nacional Auténoma de México’s
field station. The natural vegetation in the region is
tropical low-mountain rainforest. The weather is
warm and humid for most of the year, with an
average annual rainfall of around 4,700 mm. Most
rainfall occurs in the summer (June—September) and
autumn—winter (October—February), and the latter is
associated with predominantly northerly winds. There
is also a marked dry season from March to May. The
mean annual temperature is around 26°C, with the
highest (36°C) and lowest (12°C) monthly temper-
atures usually occurring in May and January, respec-
tively (Gonzalez-Soriano et al. 1997). The soils are
andisols, rich in organic matter and mineral nutrients,
but phosphates are usually bound to aluminium and
iron cations, and phosphorus is a limiting nutriment
for plant growth (Sommer-Cervantes et al. 2003).

Sex ratio, time to flowering, sexual dimorphism,
and sex change

In February 2006 (cohort-1), we located and marked
five subpopulations of C. papaya composed predom-
inantly of 3- to 4-week-old seedlings. All seedlings
were tagged, and their sizes were estimated as the
height to the apical bud and the basal diameter of the
stem. Then, in May 2006, we recorded the height,
basal diameter, and diameter at breast height of each
of the initially tagged plants. We also tagged newly
established plants (cohort-2) and recorded their
heights and basal diameters. In September 2006 and
February 2007, we recorded the heights and basal and
breast-height diameters of all the tagged. In addition
to the tagged plants, in September 2006 we recorded
the heights and basal and breast-height stem diameters
of 100 reproductive plants: 50 males and 50 females.
These plants were located along the main road within
a distance of 2 km from the main study site. These
100 plants were then mechanically damaged follow-
ing the standard practice used by farmers to change
the sexual expression of male plants in papaya
cultivars. We pierced the stem of all 100 plants twice
with a machete about 30 cm above the ground,
forming a cross-like wound. Then, over a period of
6 months, we checked all the pierced plants for any
evidence of sex change.

Arbuscular mycorrhizal fungi

We collected the fine roots from all the tagged plants
in February, May, and September 2006 and February
2007. The roots were processed according to the
method of Koske and Gemma (1989) and stained with
trypan blue. To quantify the percentage of root length
colonized by vesicles or arbuscules, we prepared 15—
30 root segments (15 mm long) per plant. Each root
segment was examined in three equally spaced
sections under a light microscope, using the hairpin
method (McGonigle et al. 1990). We also estimated
the average length of the hyphae of the AM fungi in
the root cortex of C. papaya per millimetre of root,
and we refer to this hereafter as the “average length of
the hyphae”. To estimate the average length of the
hyphae, we followed Buffon’s needle theorem
(Schroeder 1974). We used a 1 mm? grid in the
ocular of an E600 Nikon microscope with an opening
at x10 magnification of 100 um and applied the

following formula: LH(um) = (1&%1), where LH is
the average length of the hyphae, I is the total number
of intersections between hyphae and the grid, and F is
the total number of observation fields. This method is
a modification of that proposed by Giovannetti and
Mosse (1980). We also estimated root colonization by
AM fungi in the 100 pierced adult plants. The roots of
these plants were collected before we inflicted the
mechanical damage on their stems. In all cases we
traced individual roots to any given focal stem by
carefully excavating single roots until reaching the
profuse branching of fine roots.

Soil chemistry and root colonization by arbuscular
mycorrhizal fungi

In February, May, and September 2006, we collected
soil samples from all five subpopulations of C.
papaya in which plant growth and root colonization
by AM fungi were followed over time. The soil
samples were taken from the top 10 cm, and we
collected three—six samples from each subpopulation.
Because the soil samples cannot be linked to a single
plant, the samples from each subpopulation were
homogenized before chemical analysis. We quantified
soil pH in water (1:2). Readily available phosphorus
was estimated with the method of Bray and Kurtz
(1945). Carbon and nitrogen concentrations were
estimated in an automatic system (LECO, TruSpec),
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and soil organic matter was estimated using the
Walkley—Black method (Nelson and Sommers
1982). In addition we calculated the C:N and the P:
N ratios.

Statistical analysis

To test whether the observed sex ratio departed
significantly from the 1:1 expectation, we used a
proportion test with expected P=0.5. We used mixed
effect models (repeated measures, i.e., different
seasons) to investigate sexual dimorphism throughout
the development of C. papaya plants. Sex was
defined as a fixed factor, whereas the seasonal effect
was incorporated into the random component of the
model. We also used mixed effects models to test
temporal changes in the average length of the hyphae
and in the percentages of roots colonized by vesicles
and arbuscules. To meet the model assumptions, the
Neperian logarithmic transformation was applied to
the average length of the hyphae. We used one-way
analysis of variance (ANOVA) to test the size differ-
ences between adult male and female plants (pierced
plants) and also to test the differences in root
colonization by AM fungi. Because root colonization
estimates are not independent, ANOVA models were
preceded by a multivariate analysis of variance
(MANOVA). For the 40 plants that flowered in
cohort-1, we used a G-test to test the independence
of the observed frequencies between the time to
flowering (May 2006, September 2006, and February
2007) and sex (male and female plants). We also used
a generalized linear model to test whether the average
lengths of the hyphae differed significantly between
male and female plants once their reproductive
activity had been initiated. We used as covariates the
estimates of plant size at establishment, and the initial
fitted model included up to double interactions. The
model was fitted with a gamma error structure, with
identity as the link function. The model was simpli-
fied until the minimum significant model was
achieved. We used mixed effects models to investi-
gate the relationships between soil fertility and root
colonization by AM fungi. The response variable was
the Neperian logarithm of the average length of the
hyphae at the subpopulation level. To summarize soil
fertility attributes and to avoid non-independent tests,
we used principal components analysis on the
variance—covariance matrix. The scores of the first
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principal component were used as the random
explicative variable. Because there were no male
plants in one of the five subpopulations, we per-
formed separate analyses for male and female plants.
Model simplification was based on the maximum
likelihood ratio test (Pinheiro and Bates 2000). All
statistical analyses were performed in the statistical
environment R (R Development Core Team 2007).

Results

Sex ratio, time to flowering, sexual dimorphism,
and sex change

Overall, we marked 139 seedlings of C. papaya, 72 in
the autumn—winter rainy season (February 2006), 64
in the dry season (May 2006), and only three in the
rainy season (September 2006). Forty plants of the 72
plants tagged in February 2006 reached reproductive
maturity: 23 produced female flowers, 17 produced
male panicles, and 32 died before any reproductive
activity. In contrast, only three of the 64 plants tagged
in the dry season flowered: two plants produced
female flowers, one produced male flowers, and 61
plants died before becoming sexually differentiated.
None of the three plants established in the rainy
season survived to the next season. Among the 43
tagged plants that flowered, the operational sex ratio
for C. papaya did not depart significantly from 1:1
(x*=0.84, d.f=1, P=0.36) and there was no spatial
segregation of the sexes among the subpopulations.
Considering the 40 plants in cohort-1 that flowered,
we found a statistically significant departure from the
expected independent frequencies of male and female
plants in the three periods when the plants were first
recorded as flowering (G=12.0, d.f=2, P=0.004).
Male plants tended to flower earlier than female plants.
Six of the 17 male plants were first seen to flower in
May 2006, whereas only two male plants first flowered
in February 2007. In contrast, none of the 23 female
plants was seen to flower in May 2006, whereas six
were recorded as first flowering in February 2007.
We found no evidence of morphological secondary
sexual dimorphism in C. papaya (Fig. 1). Male and
female plants did not differ in their growth rates
(height: L. ratio=0.66, d.f.=3, 4, P=0.417, Fig. la;
and basal area: L. ratio<0.00, d.f/=3, 4, P=0.997,
Fig. 1b), nor was there a significant difference in the
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sizes of the male and female pierced plants, which
had been reproductively active for several months
(height: F=3.17, d.f=1, 98, P=0.078, Fig. lc; basal
area: F=0.15, df=1, 98, P=0.701, Fig. 1d). More-
over, mechanical damage to the stem caused no sex
change in C. papaya. Six months after piercing, none
of the mechanically damaged plants showed the
slightest sign of altered sexuality.

Arbuscular mycorrhizal fungi

The average length of the hyphae increased as the
plants aged (Fig. 2a), and the rate of increase differed
significantly between male and female plants (L—
ratio=4.97, d.f =3, 4, P=0.026). The average length
of the hyphae increased faster in female plants than in
male plants. In contrast, the percentage of root length
colonized by vesicles (L—ratio=2.29, d.f=3, 4, P=
0.130) and arbuscules (L—ratio=1.64, d.f.=3, 4, P=
0.200) did not show a significant temporal trend, and
there was no difference between the male and female
plants (Table 1). By modelling the length of the
hyphae at the time when all the plants were
reproductively active (February 2007), we found that
female plants (281.9+33 pum) had a significantly (z=
2.6, d.f.=29, P=0.01) greater average length of the
hyphae than that of the male plants (198.1+41.4 pum).

Feb-2006 May-2006 Sep-2006 Feb-2007

Female Méle

Furthermore, the average length of the hyphae in male
plants (Fig. 2b) just becoming reproductively active
correlated negatively with their size at establishment
(x*=6.34, d.f=1, P=0.012), whereas no significant
correlation was observed in the female plants.

The MANOVA model showed significant effects
of sex (Pillai=0.082, Fypprox=2.81 d.f=1, 3, P=
0.044) on the estimates of root colonization by AM
fungi, but there were no significant effects of the
interaction between sex and size (Pillai=0.032,
Fapprox=1.03, d.f=1, 3, P=0.384) or of covariate size
on its own (Pillai=0.041, Fypp0x=1.33, d.f =1, 3, P=
0.268). Nor did the average length of the hyphae (F'=
1.24, d.f=1, 98, P=0.27) or the percentage of root
length colonized by vesicles (F=0.66, d.f=1, 98, P=
0.42) differ significantly between adult male and
female plants. In contrast, arbuscules (Fig. 2c) were
over four times more frequent, on average, in the
roots of female plants (untagged) than in the roots of
male plants, and this difference was statistically
significant (F=7.61, d.f/=1, 96, P=0.007).

Soil chemistry and root colonization by arbuscular
mycorrhizal fungi

Temporal changes in the soil fertility parameters in each
of the five subpopulations are presented in Table 2. We
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Fig. 2 Root colonization by arbuscular mycorrhizal fungi in
female (black bars and circles) and male (open bars and
circles) plants of Carica papaya. a Root colonization was
estimated from seedling (February 2006) to reproductive
maturity. Most male plants first flowered between May 2006
and September 2006 whereas female plants first flowered
between September 2006 and February 2007, values are
expressed as means = SE. b Size of seedlings and the average
length of hyphae of arbuscular mycorrhizal fungi in the root
cortex of 1 year old plants of C. papaya (February 2007),
dotted lines are 95% confidence intervals. ¢ Percentage of root
length with incidence of arbuscules in 50 female and 50 male
plants engaged in reproductive activity for various months,
values are means = SE
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applied separate principal components analysis to
female plants (as described) and male plants because
no male plants were recorded in one of the five
subpopulations. In relation to female plants, the first
principal component fitted to the soil fertility parameters
accounted for 98.2% of the overall variability. The N:P
ratio showed the highest correlation index (0.996) with
the first principal component, whereas all the other
variables had positive correlation indices less than 0.001
(Fig. 3a). For male plants, the N:P ratio was the variable
with the highest correlation index (0.997) in the first
principal component, and the analysis accounted for
98.5% of the overall variability. Because the N:P ratio
correlated so strongly with the scores of the first
principal component, we used the actual values for the
N:P ratio in the subsequent analysis and ignored the
other soil mineral nutrients. In the female plants
(Fig. 3b), the average root length per observation field
correlated positively with the observed N:P ratios, but
this correlation differed among seasons (L—ratio=
14.12, df=8, 12, P=0.0069). There was a weak
correlation between the N:P ratio and the average length
of the hyphae in the two rainy seasons, whereas the
correlation was strong and positive in the dry season. In
other words, the average length of the hyphae in the
female plants increased as the phosphorus limitation
increased in the system during the dry season. In

Table 1 Means + SE root colonization by arbuscular mycor-
thizal fungi in female and male plants of Carica papaya in
2006 and 2007

Female Male

Average length of the hyphae (pum)

February 12.1+1.6 12.2+1.9
May 125.3+16.7 118.9+£27.1
September 134.7+23.1 107.2+£25.7
February® 281.9+33 198.1+41.4
% of vesicles

February 0.4+0.3 0.05+0.05
May 2.0+0.5 0.9+0.2
September 1.0+0.4 1.5+0.9
February® 1.4+£0.5 0.7+0.5
% of arbuscules

February 0 0

May 0 0
September 43+1.5 3.1£1.5
February® 2.6+1.3 0.8+0.6

#Root colonization by arbuscular mycorrhizal fungi in female
and male plants of Carica papaya in 2007
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Table 2 Soil fertility parameters analysis in the five subpopulations of Carica papaya in three seasons of 2006

February May September

Subpopulations Subpopulations Subpopulations

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
pH 6.0 64 6.1 64 59 58 62 6 63 58 65 6.6 59 64 62
P Bray mg/Kg 7.1 14.7 4.5 42 208 73 3.7 113 20 119 127 6.9 33 56 98
Total C % 43 81 5.7 64 89 44 6.2 10.7 49 62 127 9.4 48 52 116
Total N % 04 07 0.5 06 0.8 05 0.6 1.0 04 06 1.0 0.8 04 05 09
M.O % 75 139 98 11.0 154 76 107 184 84 10.7 219 163 83 89 20.1
C:N % 108 11.6 114 107 11.1 8.8 103 107 123 103 127 11.8 120 104 129
N:P mg/Kg 563 47.6 111.1 1429 385 685 1622 885 2000 504 787 1159 1212 893 918

contrast, the average length of the hyphae in the male
plants varied significantly among seasons (L—tatio=
19.60, d.f=4, 7, P<0.001) but was not significantly
affected by the N:P ratio (L—ratio<0.001, d.f.=6, 7, P=
0.98) or by the interaction between the season and the
N:P ratio (L—ratio=4.73, d.f.=7, 10, P=0.192).

Discussion

We found that the growth rates of C. papaya shoots
did not differ significantly between male and female
plants. Similarly, the sizes of the adult plants did not
differ significantly between the two sexes. In contrast,
we found that male plants tended to flower earlier
than female plants. The absence of secondary mor-
phological sexual dimorphism in C. papaya contrasts
with various other examples of fast-growing dioe-
cious perennial species that are sexually dimorphic
(Dawson and Geber 1999), whereas the earlier
flowering time in the male plants relative to that of
the female plants is consistent with a vast number of
studies (see Lloyd and Webb 1977; Obeso 2002).
Spatial segregation of the sexes is known in at least
30 dioecious species in over 20 families (Bierziychudek
and Eckhart 1988; Eppley 2005). However, we found
no evidence of this phenomenon in C. papaya. The
sympatric distribution of the sexes of C. papaya is in
agreement with the fact that sexual expression in C.
papaya is genetically determined by a pair of homo-
morphic chromosomes (Yu et al. 2007), whereas in
most species that display spatial segregation of the
sexes, sexual expression is environmentally determined
(Bierziychudek and Eckhart 1988). Our data also
suggest that sexual expression is immutable in native

wild populations of C. papaya at Los Tuxtlas, because
even after their stems had been mechanically damaged,
none of the plants modified its sexual expression.
Overall, the sympatric distribution of the sexes and the
genetically determined sex expression of C. papaya are
consonant with the 1:1 operational sex ratio observed
in the five subpopulations at the study site.

We have no estimates of below-ground mass or the
below-ground growth rates for focal plants of C. papaya.
However, Niklas (2005) found strong regression coef-
ficients (R*>0.96) by modelling root:shoot ratios and
root and shoot growth rates based on 1,406 data entries
for 257 species, including both perennial and annual
species. Therefore, it is conservative to assume that the
sizes and growth rates of the root systems of the male
and female C. papaya plants do not differ given that the
sizes and growth rates of the shoots do not differ
significantly between male and female plants. If the root
mass or the growth rates of the roots differed
significantly between the male and female plants, then
the observed differences in root colonization by AM
fungi between plants of the opposite sex could solely
reflect changes in the frequencies of stochastic root
colonization events by these fungi. Large root systems
have more opportunities to encounter AM fungi than do
small root systems. Thus, based on the work of Niklas
(2005), it is conservative to predict that the sizes and
growth rates of the root systems of C. papaya will not
differ significantly between male and female plants. If
this prediction holds true, the hypothesis that differences
in root colonization by AM fungi between male and
female C. papaya plants are the result of stochastic root
colonization events by AM fungi has no support. We
also found that the size (shoot height) of the male plants
at establishment correlated negatively with the average
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length of the hyphae of AM fungi in the root cortex
when the plants were 1 year old. In contrast, in the
female plants, the size at establishment did not correlate
with the average length of the hyphae. These results
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suggest that root colonization by AM fungi in C.
papaya is not primarily governed by stochastic root
colonization events. On the contrary, large male seed-
lings might have a greater capacity to take up mineral
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nutrients than do small seedlings, and it seems that the
former have less need to interact with AM fungi than do
small seedlings. However, there was no correlation
between size and root colonization by AM fungi at the
seedling stage. Root colonization at the seedling stage
was rather low in both male and female plants, and
although the variability was not particularly high any
potential correlation may have been obscured.

The average length of the hyphae in the root cortex
of C. papaya increased as the plants aged, and
differences in root colonization by AM fungi between
male and female plants preceded flowering in most
female plants. Furthermore, the observed differences
between male and female plants in the average length
of the hyphae in the root cortex became even more
marked once most of the male and female plants had
initiated their reproductive activity.

Competing explanations for the observed differences
in root colonization by AM fungi in male and female
plants are: (i) different resource demands on male and
female plants; and (ii) environmental sex determination.
The latter hypothesis seems unlikely because sex
expression in C. papaya is genetically determined by a
pair of homomorphic sex chromosomes. Nevertheless,
there have been reports of sex change in C. papaya
(Lange 1961), but they have been restricted to cultivars,
in which the strictly dioecious reproductive system of
wild populations has been mutated to favour the
occurrence of hermaphrodite individuals (Campostrini
and Glenn 2007). We also found no evidence of sex
change in C. papaya at Los Tuxtlas, and the operational
sex ratio did not differ from the 1:1 expectation,
whereas in most organisms with environmental sex
determination mechanisms, the sex ratios are biased
(Werren and Beukeboom 1998). All these observations
argue against the hypothesis of environmental sex
determination in C. papaya mediated by stochastic
patterns of root colonization by AM fungi.

On the contrary, the hypothesis that the different
resource demands on male and female plants drive the
AM interactions in C. papaya is supported by most of
our findings. The differences in root colonization were
statistically significant even before most female plants
flowered (May 2006). These differences between males
and females increased once both male and female plants
were fully engaged in reproduction. Extensive root
colonization by AM fungi in female plants favours the
acquisition of soil mineral nutrients by these plants
(Koide 1991), but female plants would require higher

photosynthetic activity compared with that of males to
meet the cost of AM interactions and maintain their
growth rates in parity with the growth rates of male
plants. Increased photosynthetic activity by plants in
response to AM interactions has been reported in
various species (Allen et al. 1981; Black et al. 2000;
Zuccarini and Okurowska 2008). Various studies have
also documented that female plants allocate more
resources to leaf tissues in the early stages of
development, allowing them to acquire more photo-
synthates for later allocation to reproduction (Wallace
and Rundel 1979; Delph 1990; Delph et al. 1993).
Female plants are usually able to do this because
although their investment in reproduction is higher
overall, their investment early in the season is often
lower than that of males (Delph 1990). We also
observed a positive correlation between the N:P ratios
in the soils of the five subpopulations and the average
length of the hyphae in the root cortex of the female
plants. These effects of soil fertility on AM interactions
in C. papaya are consistent with a vast number of
experimental (Treseder 2004) and field studies (Guevara
and Lopez 2007). Finally, we observed differences in
the average length of the hyphae between young male
and female plants (tagged) but not in adult plants
(untagged). Conversely, we detected significant differ-
ences in the frequencies of arbuscules between male
and female adult plants but not in young plants. This
evidence also suggests that adult female plants have a
more vigorous nutrient exchange with AM fungi than
do male plants and supports the overall hypothesis that
the different resource demands on male and female
plants drive the AM interaction in C. papaya. The low
frequency of arbuscules observed in C. papaya is
consonant with the Paris-type AM colonization previ-
ously reported for this species (Smith and Smith 1997).

Overall, our findings are in complete agreement with
the study of Gehring and Whitham (1992), which
reported the patterns of root colonization by AM fungi
in male and female plants of a dioecious species.
Gehring and Whitham (1992) identified a competitive
relationship between a parasite (mistletoe) and AM
fungi within the male and female plants of Juniperus
monosperma. They observed that the parasite reduced
the resource allocation of J. monosperma to AM fungi
in both sexes but that this reduction was slightly greater
in the female plants than in the male plants. They
suggested that the greater effect of the competition
between the parasite and AM fungi in the female plants
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is a consequence of the higher resource demands on
female plants because of their reproductive activity
compared with those on male plants. In contrast Varga
and Kytoviita (2008) found no differences in root
colonization in male and female plants of Antennaria
dioica, not even when the plants were grown in a water
stress regime that simulated the environmental condi-
tions in which male plants grow in wild populations.
However, Varga and Kytoviita (2008) found that female
plants derived larger benefits (biomass and phosphorous
content in shoots) from AM interactions than did male
plants; these benefits are in agreement with our
hypothesis and observations on C. papaya.

In conclusion, C. papaya showed no secondary
sexual dimorphism in the size and growth rate of the
shoot, but the time to flowering was shorter in male
plants than in female plants. We also observed
different patterns of root colonization in the male
and female plants of C. papaya, and these differences
seem to be related to the different resource demands
on male and female plants. Females had a greater
investment in AM fungi compared with that of male
plants, presumably to enhance their uptake of soil
nutrients. Female plants were also sensitive to
changes in soil fertility, and their investment in AM
interactions decreased as the concentration of readily
available phosphorus increased in the soil.

Acknowledgements We thank Santiago and Praxeris Sinaca for
their valuable assistance during the field work. We are indebted to
the staff in the Estacion de Biologia Tropical Los Tuxtlas
(Universidad Nacional Autéonoma de México). The laboratory
soil fertility analysis was performed by Sonia Galicia, Ninfa
Portilla, and Lourdes Cruz. Funding was provided by Consejo
Nacional de Ciencia y Tecnologia (CONACyT, scholarship
190695 awarded to RVF) and the Departamento de Biologia
Evolutiva, Instituto de Ecologia A.C.

References

Allen MF, Smith WK, Moore TS, Christensen M (1981)
Comparative water relations and photosynthesis of my-
corrhizal and non-mycorrhizal Bouteloua gracilis H.B.K.
Lag Ex Steud. New Phytol 88:683—-693

Badillo V (1971) Monografia de la familia Caricacae. Publicada
por la Asociacién de Profesores, Universidad Central de
Venezuela, Maracay

Bawa KS (1980) Evolution of dioecy in flowering plants. Annu Rev
Ecol Syst 11:15-39 doi:10.1146/annurev.es.11.110180.
000311

Bierziychudek P, Eckhart V (1988) Spatial segregation of sexes
of dioecious plants. Am Nat 132:34-43 doi:10.1086/284836

@ Springer

Black KG, Mitchell DT, Osborne BA (2000) Effect of
mycorrhizal-enhanced leaf phosphate status on carbon
partitioning, translocation and photosynthesis in cucumber.
Plant Cell Environ 23:797-809 doi:10.1046/j.1365-
3040.2000.00598.x

Bray RH, Kurtz LT (1945) Determination of total organic and
available forms of phosphorous in soils. Soil Sci 59:39-45
doi:10.1097/00010694-194501000-00006

Campostrini E, Glenn DM (2007) Ecophysiology of papaya: a
review. Braz J Plant Physiol 19:413-424 doi:10.1590/
S1677-04202007000400010

Cardoso IM, Kuyper TW (2006) Mycorrhizas and tropical soil
fertility. Agric Ecosyst Environ 116:72-84 doi:10.1016/j.
agee.2006.03.011

Carlsen SCK, Understrup A, Fomsgaard IS, Mortensen AG,
Ravnskov S (2008) Flavonoids in roots of white clover:
interaction of arbuscular mycorrhizal fungi and a patho-
genic fungus. Plant Soil 302:33—43 doi:10.1007/s11104-
007-9452-9

Case AL, Ashman TL (2005) Sex-specific physiology and its
implications for the cost of reproduction. In: Reekie EG,
Bazzaz FA (eds) Reproductive allocation in plants.
Academic, San Diego, pp 129-158

Comelissen T, Stiling P (2005) Sex-biased herbivory: a meta-
analysis of the effects of gender on plant-herbivore inter-
actions. Oikos 111:488-500 doi:10.1111/j.1600-0706.
2005.14075.x

Dawson TE, Geber MA (1999) Dimorphism in physiology and
morphology. In: Geber MA, Dawson TE, Delph LE (eds)
Gender and sexual dimorphism in flowering plants.
Springer, New York, pp 175-215

de Jong TJ, van der Meijden E (2004) Sex ratio of some long-
lived dioecious plants in a sand dune area. Plant Biol
6:616-620 doi:10.1055/s-2004-821177

Delph LE (1990) Sex-differential resource allocation patterns in
the subdioecious shrub Hebe subalpina. Ecology 71:1342—
1351 doi:10.2307/1938271

Delph LE, Lu Y, Layne LD (1993) Patterns of resource
allocation in a dioecious Carex (Cyperaceae). Am J Bot
80:607-615 doi:10.2307/2445429

Eppley SM (2005) Spatial segregation of the sexes and
nutrients affect reproductive success in a dioecious wind-
pollinated grass. Plant Ecol 181:179-190 doi:10.1007/
$11258-005-6142-7

Finlay R, Séderstrom B (1992) Mycorrhiza and carbon flow to
the soil. In: Allen MF (ed) Mycorrhizal functioning: an
integral plant—fungal process. Chapman and Hall, New
York, pp 134-160

Garcia I, Mendoza R, Pomar MC (2008) Deficit and excess of
soil water impact on plant growth of Lotus tenuis by
affecting nutrient uptake and arbuscular mycorrhizal
symbiosis. Plant Soil 304:117-131 doi:10.1007/s11104-
007-9526-8

Gehring CA, Whitham TG (1992) Reduced mycorrhizae on
Juniperus monosperma with mistletoe: the influence of
environmental stress and tree gender on a plant parasite
and a plant—fungal mutualism. Oecologia 89:298-303

Giovannetti M, Mosse B (1980) An evaluation of techniques
for measuring vesicular arbuscular mycorrhizal infection
in roots. New Phytol 84:489-500 doi:10.1111/j.1469-
8137.1980.tb04556.x


http://dx.doi.org/10.1111/j.1469-8137.1980.tb04556.x
http://dx.doi.org/10.1146/annurev.es.11.110180.000311
http://dx.doi.org/10.1146/annurev.es.11.110180.000311
http://dx.doi.org/10.1086/284836
http://dx.doi.org/10.1046/j.1365-3040.2000.00598.x
http://dx.doi.org/10.1046/j.1365-3040.2000.00598.x
http://dx.doi.org/10.1097/00010694-194501000-00006
http://dx.doi.org/10.1590/S1677-04202007000400010
http://dx.doi.org/10.1590/S1677-04202007000400010
http://dx.doi.org/10.1016/j.agee.2006.03.011
http://dx.doi.org/10.1016/j.agee.2006.03.011
http://dx.doi.org/10.1007/s11104-007-9452-9
http://dx.doi.org/10.1007/s11104-007-9452-9
http://dx.doi.org/10.1111/j.1600-0706.2005.14075.x
http://dx.doi.org/10.1111/j.1600-0706.2005.14075.x
http://dx.doi.org/10.1055/s-2004-821177
http://dx.doi.org/10.2307/1938271
http://dx.doi.org/10.2307/2445429
http://dx.doi.org/10.1007/s11258-005-6142-7
http://dx.doi.org/10.1007/s11258-005-6142-7
http://dx.doi.org/10.1007/s11104-007-9526-8
http://dx.doi.org/10.1007/s11104-007-9526-8
http://dx.doi.org/10.1111/j.1469-8137.1980.tb04556.x

Plant Soil (2009) 322:165-176

175

Goldman DA, Wilson MF (1986) Sex allocation in functionally
hermaphroditic plants: a review and critique. Bot Rev
52:157-194 doi:10.1007/BF02861000

Gonzalez-Soriano E, Dirzo R, Vogt RC (1997) Historia natural
de Los Tuxtlas. Universidad Nacional Autéonoma de
Meéxico, Instituto de Biologia, México

Guevara R, Lopez JC (2007) Quality of rooting environments
and patterns of root colonization by arbuscular mycorrhizal
fungi in strangler figs in a Mexican palmetto woodland.
Mycorrhiza 17:589-596 doi:10.1007/s00572-007-0136-3

Hernandez CJ, Acosta ZC (1992) Anatomia de anteras de
papaya (Carica papaya L.) tipo cera y comentarios sobre
el agente polinizante en esta especie. XIV Congreso
Nacional de Fitotecnia, México

Irons MJ (1908) Observations on change of sex in Carica papaya.
Science 28:125-126 doi:10.1126/science.28.708.125

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

Kaya C, Higgs D, Kirnak H, Tas I (2003) Mycorrhizal
colonization improves fruit yield and water use efficiency
in watermelon (Citrullus lanatus Thunb.) grown under
well-watered and water-stressed conditions. Plant Soil
253:287-292 doi:10.1023/A:1024843419670

Koide RT (1991) Nutrient supply, nutrient demand and plant
response to mycorrhizal infection. New Phytol 117:365—
386 doi:10.1111/j.1469-8137.1991.tb00001.x

Koske R, Gemma J (1989) A modified procedure for staining
roots to detect VA mycorrhizas. Mycol Res 92:486-505

Lange AH (1961) Factors affecting sex changes in the flowers
of Carica papaya. Proc Am Soc Hortic Sci 77:252-264

Lee Y-J, George E (2005) Contribution of mycorrhizal hyphae
to the uptake of metal cations by cucumber plants at two
levels of phosphorus supply. Plant Soil 278:361-370
doi:10.1007/s11104-005-0373-1

Lloyd DF, Webb CJ (1977) Secondary sex characters in plants.
Bot Rev 43:177-216 doi:10.1007/BF02860717

Lu X, Koide RT (1994) The effects of mycorrhizal infection on
components of plant growth and reproduction. New Phytol
128:211-218 doi:10.1111/j.1469-8137.1994.tb04004.x

McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA
(1990) A new method which gives an objective measure
of colonization of roots by vesicular—arbuscular mycorrhi-
zal. New Phytol 115:495-501 doi:10.1111/j.1469-8137.
1990.tb00476.x

Nelson DW, Sommers LE (1982) Total carbon, organic carbon
and organic matter. In: Page AL, Miller RH, Keeney DR
(eds) Methods of soil analysis, part 2. American Society of
Agronomy, Madison, WI, pp 539-580

Niklas KJ (2005) Modelling below- and above-ground biomass for
non-woody and woody plants. Ann Bot (Lond) 95:315-321

Obeso JR (2002) The costs of reproduction in plants. New Phytol
155:321-348 doi:10.1046/j.1469-8137.2002.00477.x

Obeso JR, Alvarez-Santullano M, Retuerto R (1998) Sex ratios,
size distributions, and sexual dimorphism in the dioecious
tree Ilex aquifolium (Aquifoliaceae). Am J Bot 85:1602—
1608 doi:10.2307/2446488

Pendleton RL (2000) Pre-inoculation by an arbuscular mycor-
rhizal fungus enhances male reproductive output of
Cucurbita foetidissima. Int J Plant Sci 161:683—689
doi:10.1086/314281

Philip LJ, Posluszny U, Klironomos JN (2001) The influence of
mycorrhizal colonization on the vegetative growth and
sexual reproductive potential of Lythrum salicaria L. Can
J Bot 79:381-388 doi:10.1139/cjb-79-4-381

Pinheiro JC, Bates DM (2000) Mixed-effects models in S and
S-plus. Springer, New York

Poulton JL, Koide RT, Stephenson AG (2001a) Effects of
mycorrhizal infection and soil phosphorus availability on in
vitro and in vivo pollen performance in Lycopersicon
esculentum (Solanaceae). Am J Bot 88:1786-1793
doi:10.2307/3558354

Poulton JL, Koide RT, Stephenson AG (2001b) Effects of
mycorrhizal infection, soil phosphorus availability and
fruit production on the male function in two cultivars of
Lycopersicon esculentum. Plant Cell Environ 24:841-849
doi:10.1046/j.0016-8025.2001.00735.x

Poulton JL, Bryla D, Koide RT, Stephenson AG (2002) Mycorrhizal
infection and high soil phosphorus improve vegetative growth
and the female and male functions in tomato. New Phytol
154:255-264 doi:10.1046/j.1469-8137.2002.00366.x

R Development Core Team (2007) R: a language and
environment for statistical computing. R Foundation for
Statistical Computing. http://www.R-project.org

Renner S, Ricklefs RE (1995) Dioecy and its correlates in the
flowering plants. Am J Bot 82:596-606 doi:10.2307/2445418

Rhoades CC, Sanford RL, Clark DB (1994) Gender dependent
influences on soil phosphorus by the dioecious lowland
tropical tree Simarouba amara. Biotropica 26:362-368
doi:10.2307/2389229

Schroeder L (1974) Buffon’s needle problem: an exciting
application of many mathematical concepts. Math Teach
67:183-186

Smith FA, Smith SE (1997) Tansley Review No. 96 Structural
diversity in (vesicular)-arbuscular mycorrhizal symbioses.
New Phytol 137:373-388 doi:10.1046/j.1469-8137.1997.
00848.x

Sommer-Cervantes I, Flores-Delgadillo L, Gutiérrez-Ruiz M (2003)
Caracterizacion de los suelos de la Estacion de Biologia
Tropical los Tuxtlas. In: Alvarez-Sanchez J, Naranjo-Garcia E
(eds) Ecologia del suelo en la selva tropical humeda de
Meéxico. Instituto de Ecologia A.C, Instituto de Biologia y
Facultad de Ciencias, UNAM, Xalapa, México, pp 1767

Storey WB (1941) The botany and sex relationships of the
papaya. Hawaii Agric Exp Bull 87:5-23

Thomas SC, LaFrankie JV (1993) Sex, size and inter-year variation
in flowering among dioecious trees of the Malayan rain forest.
Ecology 74:1529-1537 doi:10.2307/1940080

Treseder KK (2004) A meta-analysis of mycorrhizal responses
to nitrogen, phosphorus, and atmospheric CO, in field
studies. New Phytol 164:347-355 doi:10.1111/.1469-
8137.2004.01159.x

Trindade AV, Siqueira JO, Stiirmer SL (2006) Arbuscular
mycorrhizal fungi in papaya plantations of Espirito Santo
and Bahia, Brazil. Braz J Microbiol 37:283-289 doi:10.
1590/S1517-83822006000300016

Varga S, Kytoviita M-M (2008) Sex-specific responses to mycor-
rhizal in a dioecious species. Am J Bot 95:1-8 doi:10.3732/
ajb.0800068

Wallace CS, Rundel PW (1979) Sexual dimorphism and resource
allocation in male and female shrubs of Simmondsia
chinensis. Oecologia 44:34-39 doi:10.1007/BF00346394

@ Springer


http://dx.doi.org/10.1007/BF00346394
http://dx.doi.org/10.1007/BF02861000
http://dx.doi.org/10.1007/s00572-007-0136-3
http://dx.doi.org/10.1126/science.28.708.125
http://dx.doi.org/10.1111/j.1469-8137.1990.tb00924.x
http://dx.doi.org/10.1023/A:1024843419670
http://dx.doi.org/10.1111/j.1469-8137.1991.tb00001.x
http://dx.doi.org/10.1007/s11104-005-0373-1
http://dx.doi.org/10.1007/BF02860717
http://dx.doi.org/10.1111/j.1469-8137.1994.tb04004.x
http://dx.doi.org/10.1111/j.1469-8137.1990.tb00476.x
http://dx.doi.org/10.1111/j.1469-8137.1990.tb00476.x
http://dx.doi.org/10.1046/j.1469-8137.2002.00477.x
http://dx.doi.org/10.2307/2446488
http://dx.doi.org/10.1086/314281
http://dx.doi.org/10.1139/cjb-79-4-381
http://dx.doi.org/10.2307/3558354
http://dx.doi.org/10.1046/j.0016-8025.2001.00735.x
http://dx.doi.org/10.1046/j.1469-8137.2002.00366.x
http://www.R-project.org
http://dx.doi.org/10.2307/2445418
http://dx.doi.org/10.2307/2389229
http://dx.doi.org/10.1046/j.1469-8137.1997.00848.x
http://dx.doi.org/10.1046/j.1469-8137.1997.00848.x
http://dx.doi.org/10.2307/1940080
http://dx.doi.org/10.1111/j.1469-8137.2004.01159.x
http://dx.doi.org/10.1111/j.1469-8137.2004.01159.x
http://dx.doi.org/10.1590/S1517-83822006000300016
http://dx.doi.org/10.1590/S1517-83822006000300016
http://dx.doi.org/10.3732/ajb.0800068
http://dx.doi.org/10.3732/ajb.0800068

176

Plant Soil (2009) 322:165-176

Wang B, Qiu QL (2006) Phylogenetic distribution and
evolution of mycorrhizae in land plants. Mycorrhiza
16:299-363 doi:10.1007/500572-005-0033-6

Werren JH, Beukeboom LW (1998) Sex determination, sex
ratios, and genetic conflict. Annu Rev Ecol Syst 29:233—
261 doi:10.1146/annurev.ecolsys.29.1.233

Yu Q, Hou S, Hobza R, Feltus FA, Wang X, Jin W, Skelton RL,
Blas A, Lemke C, Saw JH, Moore PH, Alam M, Jiang J,

@ Springer

Paterson AH, Vyskot B, Ming R (2007) Chromosomal
location and gene paucity of the male specific region on
papaya Y chromosome. Mol Genet Genomics 278:177—
185 doi:10.1007/s00438-007-0243-z

Zuccarini P, Okurowska P (2008) Effects of mycorrhizal
colonization and fertilization on growth and photosynthe-
sis of sweet basil under salt stress. J Plant Nutr 31:497—
513 doi:10.1080/01904160801895027


http://dx.doi.org/10.1080/01904160801895027
http://dx.doi.org/10.1007/s00572-005-0033-6
http://dx.doi.org/10.1146/annurev.ecolsys.29.1.233
http://dx.doi.org/10.1007/s00438-007-0243-z

	Different arbuscular mycorrhizal interactions in male and female plants of wild Carica papaya L.
	Abstract
	Introduction
	Materials and methods
	Study site
	Sex ratio, time to flowering, sexual dimorphism, and sex change
	Arbuscular mycorrhizal fungi
	Soil chemistry and root colonization by arbuscular mycorrhizal fungi
	Statistical analysis

	Results
	Sex ratio, time to flowering, sexual dimorphism, and sex change
	Arbuscular mycorrhizal fungi
	Soil chemistry and root colonization by arbuscular mycorrhizal fungi

	Discussion
	References



