REVISTA DE

Biologia Tropical

Establishment of Mimosa biuncifera (Fabaceae) inoculated with arbuscular
mycorrhizal fungi in greenhouse and field drought conditions

Juan C. Pefia-Becerril, Arcadio Monroy-Ata®, Maria del Socorro Orozco-Almanza & Esther
Matiana Garcia-Amador
Unidad de Investigacion en Ecologia Vegetal, Facultad de Estudios Superiores Zaragoza (FES Zaragoza), Universidad
Nacional Autonoma de México. J.C. Bonilla 66, Col. Ejército de Oriente, AP. 09230, Ciudad de México, D.F., México;
jezbio@comunidad.unam.mx, arcadiom@unam.mx, mariaorozco 2009@hotmail.com,
esthermga2003@yahoo.com.mx
* Correspondence

Received 25-VII-2015. Corrected 20-1-2016. Accepted 25-11-2016.

Abstract: Mexico is dominated by arid or semi-arid ecosystems, predominantly characterized as xeric shrub-
lands. These areas are frequently deteriorated due to agriculture or over-grazing by livestock (sheep and goats).
The vegetation type mainly consists of thorny plant species, and among these, the dominant one in overgrazed
areas is catclaw (Mimosa biuncifera). This is a nurse plant that facilitates establishment of other vegetation and
promotes plant succession. Catclaw plants form a mutualistic association with arbuscular mycorrhizal fungi
(AMF), which improves uptake of nutrients and water. The objective of this study was to determine the effect
of inoculating catclaw plants with native AMF and starting their growth under a low water availability treatment
in a greenhouse, and later transplanting them to field conditions of drought and deterioration. Field plants were
evaluated according to their survivorship and growth. The seeds of catclaw plants and soil with AMF spores
were collected in the Mezquital Valley of Hidalgo State, in Central Mexico. Seedlings were grown in individual
pots in a greenhouse. The experimental design consisted of two levels of pot irrigation, wet (W) and dry (D),
as well as the presence (M+) or absence (M-) of AMF inoculum, with 20 replicates for each treatment. The fol-
lowing plant parameters were recorded every week: height, number of leaves and pinnae, and mean diameter
of coverage. After 20 weeks in the greenhouse, determination was made of fresh and dry biomass, relative
growth rate (RGR), root/shoot ratio, real evapotranspiration (RET), water-use efficiency (WUE), and percent-
age of mycorrhizal colonization. The remaining plants growing under the dry treatment (M+ and M-) were then
transplanted to a semi-arid locality in the Mezquital Valley. During one year, monthly records were kept of their
height, number of leaves, mean diameter of coverage and survival. Results showed that compared to greenhouse
plants under other treatments, those under the wet mycorrhizal (WM+) treatment were taller, had more pinnae,
and were characterized by greater coverage, faster RGR, and greater fresh and dry biomass. Moreover, inocu-
lated plants (WM+ and DM+) showed higher WUE than those uninoculated (WM- and DM-, respectively).
After one year in field conditions, there was a higher survival rate for previously inoculated versus uninoculated
plants. Hence, mycorrhization of M. biuncifera with native AMF inoculum increased plant efficiency in bio-
mass production, thus favoring establishment and survival in field conditions. We concluded that inoculation of
catclaw plants is recommendable for revegetation programs in deteriorated semi-arid zones. Rev. Biol. Trop. 64
(2): 791-803. Epub 2016 June 01.

Key words: Mimosa biuncifera, arbuscular mycorrhizal fungi, water-use efficiency, plant establishment,
Flourensia resinosa, Mezquital Valley.

Approximately 60 % of land area in Mexi- (Rzedowski, 1994). The main farming activi-
co is arid or semi-arid (Herrera-Arreola, Herre- ties in semi-arid areas are low-rainfall agricul-
ra, Reyes-Reyes, & Dendooven, 2007). Thorny  ture and animal husbandry with small livestock
xerophytic shrubland represents nearly 40 % of ~ (goats and sheep) on rangelands. The latter
the Northern and central regions of the country activity frequently gives rise to over-grazing
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of plants and erosion of the soil. Soil degrada-
tion also comes about from land clearing for
agricultural use, as well as over-exploitation of
certain species of trees for wood, which dam-
ages the vegetation cover and leaves soil bare
(Bainbridge, 1990).

Ecological restoration techniques have
been developed to reverse the process of land
degradation by establishing a new plant com-
munity. Native species mosaics (herbaceous
and woody) are employed in degraded areas to
restore soil fertility, which in turn encourages
the formation of microclimates and stimulates
the hydrological cycle so as to restore native
flora and fauna (Gutiérrez & Sqeo, 2004). One
of the families recommended for plant restora-
tion is Fabaceae (legumes) (Aronson, Floret,
Le Floc’h, Ovalle, & Pontanier, 1993; Padilla,
Ortega, Sanchez, & Pugnaire, 2009). A member
of this family, Mimosa biuncifera Benth., is the
dominant species in over-grazed rangelands
of Central Mexico. Indeed, the Mimosa genus
is widely distributed throughout North and
South America (Grether, Camargo-Ricalde, &
Martinez-Bernal, 1996).

Leguminous plants in semi-arid areas
normally have a dual symbiosis with fungi
and bacteria, which represents an evolution-
ary strategy. In general, these plants are highly
dependent on mycorrhizal species, a competi-
tive mechanism that becomes useful in eco-
logical succession and recovery of disturbed
sites (Requena, Pérez-Solis, Azcén-Aguilar,
Jeffries, & Barea, 2001; Mohammadi, Khales-
ro, Sohrabi, & Heidari, 2011). The symbiosis
of legumes with arbuscular mycorrhizal fungi
(AMF) facilitates the efficient absorption of
water as well as nutrients and minerals. Hyphae
of these fungi explore a larger volume of soil
than their host, normally assisting the plant in
achieving higher biomass production, reduced
root resistance to water, and increased ability to
withstand water stress compared to plants with-
out this association (Harrison, 2005; Douds &
Jonson, 2007). On the other hand, Rhizobium
spp. symbionts elicit root nodule formation in
leguminous plants, promoting host nutrition.

The Mimosa genus is known to improve
soil conditions, providing organic matter, nitro-
gen and other elements, and to enhance micro-
climatic conditions such as soil moisture and
temperature. With these properties, Mimosa
facilitates the establishment of other plants
(Camargo-Ricalde, Dhillion, & Grether, 2002;
Garcia-Sanchez et al., 2012). Consequently, the
propagation of leguminous plants in symbiosis
with mycorrhizal fungi and Rhizobium is a
way to reclaim land, promoting the survival
of native species under the adverse conditions
that are typical in degraded areas of arid or
semi-arid lands (Aronson et al., 1993; Padilla
et al., 2009).

Under conditions of limited water avail-
ability, continuous transpiration is a particu-
larly important factor for non-succulent plants.
About 95 % of water absorbed by plants is
lost in transpiration, leaving only 5 % for con-
sumption in physiological processes (Kramer,
1989). Water loss is therefore potentially harm-
ful for the growth and development of plants
in arid regions (Pereira, Chaves, Caldeira, &
Correia, 2006). Accordingly, water-use effi-
ciency (WUE) is a useful parameter in arid and
semi-arid lands, as it indicates the total CO,
fixed (‘profit’) per unit of water lost (‘cost’)
(Nobel, 1983).

The aim of the present study was to deter-
mine the effect of the symbiosis between M.
biuncifera and arbuscular mycorrhizal fungi
(AMF) on the establishment of this leguminous
plant in deteriorated areas, considering that
this relationship could be useful for ecologi-
cal restoration. Specifically, we analyzed the
results of inoculating M. biuncifera with AMF,
determining various parameters related to the
growth of these plants cultivated in a green-
house and later transplanted to field conditions
of drought and deterioration.

MATERIALS AND METHODS

Experimental site: Seeds of M. biun-
cifera were collected in Xitzio, a locality in the
Mezquital Valley of Hidalgo State in Central
Mexico (20°22°30” N - 98°56°13” W) at an
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altitude of 2059 m. The soil for the seedlings
was also collected in the Mezquital Valley
(20°23°34” N - 98°58724” W). This valley con-
tains different types of vegetation and is domi-
nated by plant communities of thorny shrubs
(Fabaceae) as well as crassicaule (Cactaceae)
and rosetofilous (Agavaceae) species. The cli-
mate is classified as semi-temperate, with
summer rainfall and a period of intraestival
drought, which corresponds to types BS K(w”)
w’(i’)g and BS K(w”)w’(i’)g according to Gar-
cia (1981). The average annual temperature is
16 °C, and the average annual rainfall is 550
mm. The wet season (June-September) is fol-
lowed by a period of drought ranging from six
to eight months (Monroy & Garcia, 2009). The
local soils are Leptosols and Vertisols, with
clay being the largest proportion of texture.

Species selection: We worked with M.
biuncifera (catclaw, gatufio or “ufia de gato”)
since it is a shrub that is widely distributed in
the semi-arid regions of Mexico (McVaugh,
1987). This shrub makes important contribu-
tions to the maintenance and enhancement of
ecosystems because it promotes plant succes-
sion. Being one of the earliest settlers in highly
eroded soils, it creates an “island of resources”
under the resulting canopy. It restores soil
fertility by increasing the concentration of
nutrients, prevents the loss of soil to erosion,
increases the availability of water, and creates a
microclimate that allows for the establishment
of other plant species (Camargo-Ricalde et al.,
2002; Luna-Suarez, Frias-Hernandez, Olalde-
Portugal, & Dendooven, 2000). Moreover, it
is a source of active mycorrhizal propagules
(Camargo-Ricalde & Dhillion, 2003).

Laboratory phase: The initial phase of
the study was conducted in a greenhouse with
a mean temperature of 22 °C (maximum, 33
°C; minimum, 11 °C) and a mean relative
humidity of 41 % (maximum, 50 %; minimum,
9 %), located on the Zaragoza campus of
the National University (Universidad Nacional
Autonoma de México, UNAM), on the east
side of Mexico City.

Soil and inoculums: The soil, collected
near the town of Santiago de Anaya (in the
Mezquital Valley of Hidalgo State) is a Lep-
tosol, rich in calcium carbonate with 2.6 % of
organic material and loam texture, pH 8.4. For
its use in the greenhouse, it was sieved and
mixed with marble gravel 1:1 (V/V) in order
to promote water filtration. The soil material
was sterilized in an autoclave for 1 h at 96 °C.
For the mycorrhizal plant treatment, we used
an inoculum obtained from two plant species:
Lycopersicum sculentum P. Mill. (Solanaceae,
tomato) and Lolium multiflorum Lam. (Poace-
ae, annual ryegrass). The initial inoculum was
obtained from soil collected in the experimen-
tal area of the Santiago de Anaya municipality.
From this source we obtained a final inoculum
of 1934 spores/100 g of soil, including spores
from Acaulospora sp., Glomus claroideum,
Glomus sp. and Sclerocystis sp. mycorrhizal
fungi. The inoculum also contained some root
remnants of these two plants species.

Germination: A total of 150 seeds of
M. biuncifera were disinfected by immersion
in 10 % sodium hypochlorite for 10 min-
utes. Mechanical scarification was performed
on the rear of the embryo position, and the
seeds were placed in Petri dishes with wet
filter paper and kept at room temperature to
induce germination.

Transplanting and inoculation: Three
days after germination, 80 seedlings were
transplanted into tubular PVC (polyvinyl chlo-
ride) pots 24.5 cm high and 7.2 cm in diameter.
The initial water treatment (whether wet or
dry) was applied during the transplanting pro-
cess. The pots were sealed at the base with no
drain hole in order to maintain control of soil
moisture. The seedlings were divided into two
batches of 40 pots each. The uninoculated batch
(M-) received 1 100 g of sterilized soil, while
the inoculated plants (M+) received 1 000 g of
sterile soil plus 100 g of AMF inoculum. The
pots with inoculum received soil filtered with
distilled water to encourage the mycorrhizal
association. For this purpose, 100 g of soil from
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the study area was mixed with 100 mL sterile
water to yield a solution of soil bacteria that
was filtered with Whatman No. 42 paper (to
screen out mycorrhizal fungal spores). Finally,
another eight containers, four for the wet treat-
ment and four for the dry treatment, were pre-
pared with 1 100 g of soil but without plants in
order to determine the evaporation rate.

Irrigation: For the batch of 40 pots (20
M+ and 20 M-) given the wet treatment (W),
each plant received an initial watering with
40 mm H,O (162.86 mL) to provide a water
reserve. Weekly irrigation treatments with 20
mm H,O (81.43 mL) were initiated 11 days
after transplanting. As of the 14th week we
reduced the irrigation quantity to half (10 mm),
therefore reaching a total of 370 mm H,O (1
506.45 mL) by the end of the treatment.

The 40 pots (20 M+ and 20 M-) given the
dry treatment (D) received 50% of the amount
of water programmed for the wet treatment.
Thus, the initial water reserve was 20 mm
(81.43 mL), with weekly watering of 10 mm
(40.71 mL) that was reduced to 5 mm as of the
14th week, thus reaching 185 mm (753.22 mL)
of water by the end of the irrigation period.

Four pots (without plants) following the
W treatment and another four with the D
treatment were used as a control to determine
water evaporation. The greenhouse experiment
was conducted during 20 weeks, beginning in
March and finishing in August of 2001.

Variables recorded: We weekly measured
the following variables in all plants of each
treatment: total height, mean diameter of the
foliar coverture (the average of the large diam-
eter and small diameter), and the number of
leaves and pinnae.

Real evapotranspiration: The amount of
water that evaporated in each week of treat-
ment was calculated using the following equa-
tion (Nobel, 1983):

RET = WAW,_~ WBW,,,

where RET is the real evapotranspiration, WAW
the weight of the pot after watering (g), WBW
the weight of the pot before watering (g), and x
the week of irrigation. To calculate the amount
of water evapotranspired in mm, we used the
density of water at 25 °C (0.996 g/cm?).

Fresh biomass and dry biomass: By the
end of August 2001, the plants not taken to
the field (those with either the W or D treat-
ment) were harvested in order to obtain the
fresh shoot and root weight. To obtain the dry
weight, some roots and shoots were placed
separately in a stove at 70 °C for 72 h (Hunt,
1982). With this information we calculated the
root/shoot ratio.

Relative Growth Rate and Water-Use
Efficiency: At the beginning of the experiment,
35 seedlings were grown in parallel with the
rest but harvested after a week in order to cal-
culate their initial mean dry weight. This value
was used to estimate the relative growth rate
(RGR) at the end of each treatment with the
following formula (Hunt, 1978):

RGR = (InX, — InX,)/(t, -t,)

where X, is the final weight, X the initial
weight, t, the final time (days), and t, the initial
time (days).

With the final dry biomass at the end of
the greenhouse experiment and the total irriga-
tion water for each treatment, the water-use
efficiency was obtained from the following
formula (Nobel, 1983):

WUE = [final dry biomass (g)]/(kg of total irrigation water)

Mycorrhizal colonization: In order to
measure the percentage of colonized root, we
took roots at soil depths of 0-10 cm and 10-20
cm from plants harvested after the end of
the water treatments. Roots were cleared and
stained with trypan blue using the technique of
Phillips & Hayman (1970). Four slides (with 20
segments each) were obtained from each plant,
two corresponding to the roots from a depth of
0 to 10 cm and two from 10 to 20 c¢cm, to obtain
the percentage of mycorrhizal colonization.
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The percentage of root length colonization was
calculated according to the method of McGo-
nigles, Miller, Evans, Fairchild & Swan (1990).

Field phase— selection of plants and
field transplanting: By the end of August
2001, a total of 24 plants of M. biuncifera had
been transplanted to the experimental field
site, including 12 that underwent dry mycor-
rhizal treatment (DM+) and 12 from the dry
non-mycorrhizal treatment (DM-). We chose
plants that were about the same height (= SD)
in order to observe the effect of mycorrhiza-
tion. The field site was rangeland that had
been disturbed by overgrazing near the town of
Santiago de Anaya, dominated by Flourensia
resinosa (Brandegee), S. F. Blake (Asteraceae)
and Mimosa depauperata Benth. (Fabaceae).
An F. resinosa individual was selected as a
nurse plant for each M. biuncifera greenhouse
plant, the latter of which was transplanted to
the North position to protect it from sunlight.
To protect it from forage, each M. biuncifera
plant was surrounded with rocks.

The field variables were recorded starting
from the date of transplanting (August 16%,
2001). Thus, survival, height, coverage diam-
eter, and number of leaves of the plants were
measured monthly for one year (August 2001
to July 2002).

For data analysis, the mean values of
height, average diameter of coverage, num-
ber of leaves and pinnae, wet and dry weight
of shoots and roots, root/shoot ratio, RGR,
RET and WUE were compared using analysis
of variance (ANOVA) of two factors (water
treatment and mycorrhization), with signifi-
cance considered at P < 0.05. When variables
showed a significant difference, a Tukey test
was applied. We also undertook an analysis
of covariance of the root and shoot dry bio-
mass from the four treatments. In the case of
root colonization by structures, we used the
ANOVA test of two factors (water treatment
and mycorrhization), with significance consid-
ered at P < 0.05. For field plant survival, the
values for height and number of leaves were

analyzed with the Student’s #-test, with the
same level of significance.

RESULTS

Growth: In the last week in the green-
house experiment, WM+ plants showed a
greater increase in height, average diameter of
coverage, and number of pinnae than the other
treatments (Fig. 1), according to ANOVA (F, ,,
= 17.36, F3’49 = 13.47 and F3,49 = 5.45, respec-
tively; P < 0.05 in all cases). Regarding the
number of leaves, a significant difference was
not found in the interaction between the water
and mycorrhization treatments (F, = 1.56,
P=0.217), but did indeed exist between dry
and wet treatments (F1’49: 8.93, P=0.004) and
inoculated versus uninoculated plants (F, ;o=
9.70, P= 0.003). In the latter case, the values
were determined considering the joint irrigation
treatments. In the last week of the greenhouse
experiment, the number of leaves was higher
for the wet treatment and the inoculated plants.

Real evapotranspiration (RET): During
the 20 weeks of greenhouse (i.e., climate-
controlled) conditions, the RET showed a
significant difference only between the dry
and wet treatments (F 40= 27279, P < 0.001).
There was no significant difference between
inoculated and uninoculated plants (M+ and
M-) (F, 4= 0.12, P=0.73) or in the interaction
between the water and mycorrhization treat-
ments (F3,49= 0.29, P=0.59) (Table 1).

Fresh biomass and dry biomass: The
ANOVA showed a significant difference
(F3,24: 7.71, P < 0.01) between the biomass
values from the wet and dry treatments. The
WM+ yielded higher values than the other
treatments (Table 1). The dry treatment gave
a lower biomass dry weight than the WM+
treatment. The root/shoot ratio exceeded 1.0 in
all four treatments, exhibiting its lowest value
with the WM+ treatment and its greatest value
(over 2) with the DM- treatment (Table 1). This
ratio was not significantly affected by the inter-
action between the water and mycorrhization
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(o]
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8 10 12 14 16 18 20
Time (week)

Fig. 1. Weekly average of height, mean diameter of
coverage, and number of leaves and pinnae of M. biuncifera
for the different treatments during greenhouse growth.
WM+ = wet mycorrhizal treatment; WM- = wet non-
mycorrhizal treatment; DM+ = dry mycorrhizal treatment;
DM- = dry non-mycorrhizal treatment. Bars show one
standard error above and below mean value. The different
letters indicate means that differ significantly (P < 0.05)
according to the Tukey test.

treatments (F; ,,, P=0.23). A correlation analy-
sis (R?= 0.873) showed an equilibrium between
shoot and root biomass (Fig. 2).

Relative growth rate and water-use effi-
ciency: For RGR and WUE, ANOVA dem-
onstrated a significant difference between

inoculated and uninoculated plants under both
water treatments (F, ,,=7.71, P < 0.01 for the
wet treatment; F3’24= 5.26, P <0.01 for the dry
treatment). Hence, inoculated plants used water
more efficiently in both the wet and dry treat-
ments, producing more biomass per unit of irri-

gated water than uninoculated plants (Table 1).

Mycorrhizal colonization: Compared to
the DM+ treatment, WM+ resulted in greater
mycorrhizal colonization, measured by vesi-
cles, hyphae and the total of these two param-
eters (21.56 versus 33.98 %, respectively; Fig.
3). ANOVA showed a significant difference
between the water treatments (F, o= 5.52, P=
0.02), as well as between inoculated and unin-
oculated plants (F, g5= 66.63, P < 0.001). The
ANOVA test revealed significant differences
in the percentage of colonization by vesicles

2 =
>
2 15
£ .
s 17
o)
B 05 - y = 0.935x + 0.006
50) R2=0.873
0 - : : .
0 05 1 15 2

Root biomass (g)

Fig. 2. Relation between the weight of the root and shoot
dry biomass from the four treatments.

OVesicles  OHyphae B Total colonization
~ 30 1
X
S 20
N
§ 10 4
3
. iml B =
WM+ WM- DM+ DM-

Treatments

Fig. 3. Percentage of vesicle, hyphae and total colonization
of M. biuncifera with the different treatments. WM+ =
wet mycorrhizal treatment; WM- = wet non-mycorrhizal
treatment; DM+ = dry mycorrhizal treatment; DM- = dry
non-mycorrhizal treatment.
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TABLE 1
Average fresh and dry weight, R/S ratio, RGR, RET and WUE of seedlings of M. biuncifera with the different treatments

Treatment  Fresh weight (g)  Dry weight (g) R/S
WM+ 3.39+£0.33a 1.92 £ 0.24a 1.04 = 0.09
WM- 1.53 £0.51b 0.79 £ 0.32b 1.37£0.22
DM+ 0.91 +0.24b 0.54 0.13b 1.52£0.36
DM- 0.85 +0.13b 0.41+0.0%  2.17+0.78

RGR (d') (x 103)  RET(mm)  WUE (ghkg H,0) (x 10%)
3.57+0.12 4562 +3.19 128 % 0.16a
271 +0.32b 47.02 = 3.68 0.53+021b
2.62%021b 2049 = 0.22b 0.72 = 0.17ab
238 +0.22b 20.18 + 0.19b 0.54 +0.12b

WM+ = wet mycorrhizal treatment; WM- = wet non-mycorrhizal treatment; DM+ = dry mycorrhizal treatment; DM- = dry

non-mycorrhizal treatment.

R/S = root/shoot biomass ratio; RGR = relative growth rate; RET = real evapotranspiration, WUE = water-use efficiency.
Values represent the average + standard deviation; Tukey test (P < 0.05); different letters indicate significantly different

means.

between the four treatments (F,,,= 9.81 P=
0.002). Contrarily, there were no differences in
the percentage of hyphae and total colonization

(F, 45= 3.58, P> 0.6).

Plant survival and growth in the field:
One year after transplanting greenhouse plants
into the experimental field area, there was no
significant difference with respect to the sur-
vival percentage between those with the dry
treatment that were inoculated and uninoculat-
ed, according to Student’s 7-test. Survival was
high in both cases (M+= 91.66 %; M-= 83.33
%; Fig. 4). There was no significant difference
in height (z-test= 0.93, d.f= 1, P= 0.36) (Fig.
4) or number of leaves (¢-test= 0.42 d.f=1 P=
0.52). Nevertheless, M+ plants were Visu’ally
taller than M- plants. The field data on these
plants indicated a reduction in their heights
after transplanting, which was due to brows-
ing of the apical part. However, there was no
significant effect on the mortality of individual
plants, and in the last few months of the field
experiment their height increased again.

DISCUSSION

Transpiration depends on factors intrinsic
to the plant as well as environmental factors. If
the water supply is abundant, then absorption by
the roots is rapid and transpiration is controlled
by both plant roots and atmospheric factors. If
the water supply is scarce, water absorption by
the roots is slow, reducing transpiration.

—&— DM+ —2—DM-
1 -
0.6 -

0.4 A
0.2

Survival

0123456 7 8 9101112
20 A

10

Height (cm)

012 3456 7 8 9101112
Time (month)

Fig. 4. Survival and plant height of M. biuncifera during
the first year after transplanting into a deteriorated semi-
arid experimental area. DM+ = dry mycorrhizal treatment,
DM- = dry non-mycorrhizal treatment. Bars show one
standard error above and below the mean value.

To the extent that restricted water absorp-
tion causes water stress in plant leaves (leading
to the closing of stomata), there is increasing
resistance of the leaf to transpiration (Kramer,
1989; Morte, Lovisolo, & Schubert, 2000). The
plants in the dry treatment of the current con-
tribution therefore exhibited less transpiration
than those in the wet treatment.

However, there was no significant dif-
ference in the greenhouse between the
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transpiration of inoculated and uninoculated
plants within the wet or dry group. This may
be due to the small size of the plants, the fact
that they had similar foliage coverage, and/or
the variation of the environmental conditions
in the greenhouse. It is known that the effects
of mycorrhizal on plants can be modulated by
levels of irradiance, air temperature and leaf
temperature (Augé, Moore, Sylvia, & Cho,
2004; Ruiz-Lozano & Aroca, 2010).

The significantly greater difference in
plant growth (height and coverage diameter)
between the wet and dry treatments was due
in part to water stress prompted by the lat-
ter treatment. Such stress retards the physi-
ological processes of the host plant, including
the photosynthetic rate (Kramer, 1989; Wu,
Bao, Li, & Wu, 2007). In this sense, it has
been determined that the symbiosis with AMF
assists host plants (especially in dry regions) to
withstand water stress (Mathur & Vyas 2000;
Collier, Yarnes, & Herman, 2003). The growth
difference between water treatments also owes
itself to decreased availability of soil nutrients
with the dry treatment, leading to nutrient
stress in both the presence and absence of AMF
colonization (Fagbola, Osonubi, Mulongoy, &
Odunfa, 2001; Bolandnazar, Aliasgarzad, Neis-
habury, & Chaparzadeh, 2007).

Plants inoculated with AMF generally
have higher WUE than uninoculated plants,
leading to greater dry biomass production
(Augé, 2001), especially in drought condi-
tions. Nevertheless, this depends on the life
history of the plant, which is directly related
to physiological patterns (Querejeta, Barea,
Allen, Caravaca, & Roldan, 2003). For a single
species, according to Jones (1992), the WUE is
often (although not invariably) constant over a
wide variety of treatments. We found that both
inoculated and uninoculated plants with the
wet treatment showed greater WUE than those
with the dry treatment, reflecting the greater
efficiency of biomass production when the
plant has adequate availability of water. This
was especially true for WM+, evidencing the
greater efficiency of biomass production with
mycorrhizal association.

Inoculated plants have been reported to
have greater biomass and stomatal conductiv-
ity, due to the improved water supply to the
host facilitated by the fungus (Varma, 1999;
Auggé, 2001; Augé, 2004). Data herein obtained
showed that the growth of plants in the WM+
versus WM- treatments is due to the effect of
AMF. Mycorrhizal fungi are known to improve
the nutritional status and favor biomass pro-
duction of shrubs in semi-arid areas, since the
fungus hyphae acquire water and nutrients for
the host plant (Caravaca et al., 2003), even dis-
solving rock minerals (Landeeweert, Hoffland,
Finlay, Kuyper, & van Breemen, 2001). In
their studies of inoculated versus uninoculated
legumes, Chalk, Souza, Urquiaga, Alves, &
Boddey (2006) found greater biomass (roots
and above-ground parts of the plant), increased
growth, and higher concentrations of minerals
such as N, P and K in the former (Ghosh &
Verma, 2006).

The shoots and roots of plants colonized
with AMF undergo a high growth rate. Nev-
ertheless, as symbionts AMF depend entirely
on the host plant for their supply of carbon
substrates, and therefore form an integral part
of the carbon economy of colonized plants.
The absence of any significant difference in the
present study between the growth of the DM+
treated plants and that of their control (DM-)
can be explained mainly in relation to the cost
that the fungus represents in the consumption
of carbon fixed by the host plant, sometimes
taking up to 20 % (Smith & Read, 1997).

AMF typically enhances the below-ground
demand for photoassimilates (so that the plant
gains a high R/S ratio). In some scenarios,
the proportion of carbon flowing to AMF is
sufficient to slow down plant growth (Bago,
Pfeffer, & Shachar-Hill, 2000; Smith, Grace, &
Smith, 2009). Other studies report that inocu-
lated plants have a reduced R/S ratio (Ghosh
& Verma, 2006; Garcia, Mendoza, & Pomar,
2008; Smith et al., 2009), or that there are no
differences between inoculated and uninocu-
lated plants, except that the architecture of the
roots of the former is less branched. This may
be due to greater availability of soil nutrients
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because the phytobiont increases water avail-
ability (Green, Baddeleya, Cortina, & Watson,
2005). The increase in the R/S ratio in semi-
arid zones appears to depend on the identity
of the partners involved in the symbiosis (Car-
avaca et al., 2003).

The fact that the plants of the dry treat-
ments in this study had high R/S values shows
that their root system grew more to compen-
sate for the water stress caused by low water
availability in the soil. A water deficit inhibits
the growth of foliage, and consequently limits
photosynthesis (Chaves et al., 2002).

Newton and Goodin (1989) stated that the
evergreen shrubs of dry regions usually have
an R/S ratio > 1, meaning that the roots are
favored in the partitioning of carbon obtained
from photosynthesis. The R/S ratio normally
increases in arid and semi-arid zones because
plants respond to this environment by branch-
ing out roots and exploring deep soils as a
strategy for obtaining water (Lloret, Casano-
vas, & Penuelas, 1999). For instance, it has
been reported that when specimens of Mimosa
strigillosa Torr. & A. Gray (Fabaceae) experi-
enced water and soil pH stress, their R/S ratio
increased (Chang, Crowley, & Nuruddin, 1995;
Ainuddin & Chang, 1999). Plants with a larger
R/S ratio grow as well in environments with
limited water and limited nutrients in the soil
as some leguminous phreatic plants (Cervantes,
Arriaga, Meave, & Carabias, 1998; Villagra &
Cavagnaro, 2000).

Just as the R/S ratio depends in part on
the identity of the host plant and its fungi, so
does the extent of mycorrhizal colonization
(Zhao, Trouvelot, Gianinazzi, & Gianinazzi-
Pearson, 1997), which is also related to envi-
ronmental conditions such as humidity and
temperature. Regarding humidity, a delay is
observed in germination of the spores when
the soil moisture is minimal, which may be a
survival strategy under stress in arid and semi-
arid areas. Additionally, a decrease in fungal
colonization is observed under dry conditions
(Jacobson, 1997; Varma, 1999). Hampp, Nehls
& Wallenda (2000) found that young Mediter-
ranean shrubs respond to moderate drought

with a corresponding decrease in mycorrhizal
colonization. This could explain the lower
colonization rate with the DM+ than WM+
treatment, even though both groups received
the same amount of inoculum and the same
spore density.

The distinct numbers of spores as well as
their diversity in the two mycorrhizal treat-
ments (W and D) are due to differences in spore
density with distinct conditions of humidity,
temperature, host interaction and soil depth.
We found spores from the genera Acaulos-
pora and Glomus (possibly the species Glomus
claroideum), as well as two different types of
sporocarps. The composition and abundance of
spores and their contribution to root coloniza-
tion are probably influenced by a wide range of
factors related to the dominant fungal species
as well as its spore production and cellular
activity. These factors vary according to the
type of plant community as well as environ-
mental variables (Smith & Read, 1997; Escu-
dero & Mendoza, 2005).

In arid and semi-arid areas, plants face
limitations such as low and variable rainfall
(Allen, 1999a). It appears that the cost for
plants of associating with fungus is compen-
sated by the benefits of symbiosis, mainly an
improvement in nutrient and water uptake and
water status (Koide, 1991). In view of the ben-
efits of this symbiosis for the host plant, Allen
(1999b) suggests that inoculated plants play an
essential role in the ecosystem restoration of
disturbed areas, and that they should therefore
be used in revegetation programs of disrupted
ecosystems. Other studies have provided evi-
dence that using plants inoculated with AMF
resulted in favorable establishment in disturbed
areas (Maestre et al., 2002; Pattinson, Hammill,
Sutton, & McGee, 2004). One report posed
that for legumes, dual symbiosis (AMF and
nitrogen-fixing bacteria) may contribute to this
objective (Requena et al., 2001).

The high rate of plant survival found pres-
ently was probably due in large part to the
microclimate nurse plant. It is known that a
nurse plant reduces temperature, maintains a
high soil content of nutrients and water, and
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favors the activity of soil microorganisms
(Carrillo-Garcia, Leon de la Luz, Bashan,
& Bethlenfalvay, 1999; Reyes-Quintana, Fer-
rera-Cerrato, Alarcon, & Rodriguez, 2000).
Tree cover, where it exists in semi-arid areas,
reduces solar radiation by up to 80 % and air
temperature by as much as 6 °C relative to
open areas, reducing potential evapotranspira-
tion and increasing water availability and soil
fertility beneath the canopy. The establishment
of various plant species (including grasses) and
their biomass production are favored at these
sites (Grouzis & Leonard-Elie, 1997).

Since Allen (1999a) found that for suc-
cessful plant establishment there must be a
season of high rainfall, the plants of M. biun-
cifera in the present study were transplanted
at the end of the rainy season to assure a soil
water reserve. However, the slow initial growth
of transplanted individuals in both treatments
(M+, M-) was probably due to the fact that they
were introduced in August, almost at the end
(September) of the wet soil period. The main
development of this species takes place during
the rainy season in the summer (Grether, 1982).
By the end of the annual cycle of monthly data
herein recorded, which ended with summer
growth (June and July), plants had gained a
small increase in average height, meaning that
they were on their way to establishment. The
current results suggest that mycorrhization of
M. biuncifera seedlings can play an important
role in programs for reforestation and rehabili-
tation of degraded semi-arid areas.
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RESUMEN

Establecimiento de Mimosa biuncifera (Fabaceae)
inoculada con hongos micorrizicos arbusculares en
invernadero y campo, en condiciones de sequia. Mas de
la mitad del territorio mexicano estd dominado por ecosis-
temas aridos y semiaridos. El principal tipo de vegetacion
de estos ambientes son matorrales xer6filos y normalmente
estan deteriorados por agricultura y sobrepastoreo de
ovejas y cabras inducido por la actividad humana. Las
plantas espinosas dominan en estas zonas, como el gatufio
(Mimosa biuncifera Benth., Fabaceae), que es una planta
nodriza que promueve la sucesion vegetal. Las plantas de
gatufio forman junto con hongos micorrizogenos arbuscu-
lares (HMA), una asociacion mutualista llamada micorriza
arbuscular que mejora la captacion vegetal de nutrimentos
y agua. El objetivo de este trabajo fue determinar el efecto
de la inoculacion con HMA nativos en plantas de gatufio,
para evaluar su crecimiento y establecimiento bajo un trata-
miento de baja disponibilidad hidrica, tanto en condiciones
de invernadero como de campo. Para esto, se recolectaron
semillas de Mimosa biuncifera y suelo con esporas de
HMA en el Valle del Mezquital, estado de Hidalgo, en
el Centro de México. Las plantulas fueron cultivadas en
macetas individuales en condiciones de invernadero bajo
un diseflo experimental que consistié en dos tratamientos
de riego de las macetas, himedo (W) y seco (D), y dos
tratamientos de inoculacion: con y sin indculo de HMA
(M+, M-). Cada tratamiento tuvo 20 repeticiones. Sema-
nalmente se registro altura, diametro medio de la cobertura
y nimero de hojas y pinnas de las plantas. Después de 20
semanas, se determinaron biomasa humeda y seca, tasa
relativa de crecimiento (TRC), proporcion raiz vastago,
evapotranspiracion real, eficiencia en el uso del agua
(WUE) y porcentaje de colonizacion micorricica. Poste-
riormente, los individuos del tratamiento seco (M+ y M-)
fueron trasplantados a una localidad semidrida en el Valle
del Mezquital, donde la altura, nimero de hojas y supervi-
vencia fueron registrados mensualmente durante un afo.
Los resultados muestran que las plantas en el tratamiento
hiimedo y micorrizado (WM+) tuvieron una mayor altura,
cobertura vegetal, biomasa htimeda y seca, TRC y mas
pinnas que las plantas de los otros tratamientos; también
los tratamientos micorrizados (WM+ y DM+) tuvieron
mayor WUE que la plantas sin inoéculo (M-). En condi-
ciones de campo, después de un afio, la supervivencia de
las plantas M+ fue mayor que en los testigos. Se concluyd
que la micorrizacion de M. biuncifera con indculo nativo
incrementa su eficiencia en la produccion de biomasa y
favorece el establecimiento y supervivencia en condiciones
de campo. Finalmente, se recomienda la inoculacion de
plantas de gatufio con HMA en programas de revegetacion
de zonas semiaridas deterioradas.

Palabras clave: Mimosa biuncifera, hongos micorrizoge-
nos arbusculares, uso eficiente del agua, establecimiento
vegetal, Flourensia resinosa, Valle del Mezquital.
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