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Abstract
The mesquite amargo (Prosopis articulate), one of the main nurse trees of the Sonoran Desert in Mexico, is responsible for major, natural revegetation processes. It exudes gluconic acid in root exudates, a favorite carbon source for the plant growth-promoting bacterium Azospirillum brasilense. Two enzymes, gluconokinase (EC 2.7.1.12) and 6-phosphogluconate dehydrogenase (EC 1.1.1.44), participating in the phosphogluconate
pathway, are active in the bacteria. Bacterial 6-phosphogluconate dehydrogenase is a constitutive enzyme, while gluconokinase is induced upon
exposure to gluconic acid. Both enzymes are active in young, non-inoculated mesquite seedlings growing under hydroponic conditions. When A.
brasilense Cd bacteria are inoculated on the root system, the roots exhibit much higher activity of gluconokinase, but not 6-phosphogluconate
dehydrogenase. Mesquite roots exhibit high levels of root colonization by the inoculating bacteria. At the same time, and also for plants growing
under sand culture conditions, the seedlings grew taller, greener, had longer leaves, and were heavier.
Ó 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction
The mesquite is one of the most important exploited trees
of many deserts worldwide [1]. In northwestern Mexico,
very large numbers of mesquite are harvested, legally and illegally, for the charcoal industry and as material for construction
in rural areas [2]. In desert and thorn scrublands, mesquite
amargo is a major nurse tree. Below its canopy, a ‘‘resource
soil island’’ is created [3]. This area is more fertile, contains
more organic matter and clay, and contains more available water. Here, many desert plants, including long-lived cacti, grow
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more prolifically during their initial years [3e6]. It also harbors more soil-dwelling animals, is a nesting location for rodents, and is harvested by farmers and gardeners as a soil
amendment. Mesquite, as a legume, is normally colonized
by two types of rhizobia [7,8] and by arbuscular mycorrhizae
(AM fungi) [9], which significantly contributes to nitrogen and
carbon accumulation in soils of arid lands [10] and to the general ecological well-being of deserts [2].
Azospirillum spp. are non-specific plant growth-promoting
bacteria (PGPB) that are capable of promoting growth of numerous crop plants [11], wild plants [12], and even unicellular
microalgae [13]. It successfully promotes growth of the giant
cardon cactus, the landmark species of the Mexican Sonoran
Desert [14], as well as other cacti species [15] that co-habitat
the Sonoran Desert with mesquite. Inoculation of propagated
mesquite cuttings with several PGPB, including Azospirillum
spp., indicated that inoculation might be beneficial for root
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production in the cuttings, but no conclusive evidence was presented [16]. Additional reasons for choosing Azospirillum sp.
for inoculation of mesquite are that both prefer high temperatures for growth (>30  C), the technological aspects of Azospirillum and mesquite cultivation have been known for
decades and can be easily applied; species of Azospirillum
have a superb ability to colonize roots of most plant species
tested and they promote the growth of numerous plant species
regardless of whether the bacteria are part of their natural microflora [11]. Apart from nitrogenase and enzymes related to
the nitrogen cycle, only a limited number of enzymes related
to Azospirillumeplant interactions were evaluated [11], mostly
related to phytohormone production and regulation in vitro
[17], but none were directly related to the degradation of
gluconate.
Under controlled conditions, most strains of A. brasilense
use organic acids, such as malic, succinic, a-ketoglutaric, gluconic, or lactic acids [18e20] as their preferred carbon source.
Additionally, gluconic acid is one of the favored carbon sources of A. lipoferum for producing siderophores [21]. With glucose induction, A. brasilense is even capable of producing
gluconate [22]. Gluconate was detected in root exudates of Lotus japonicus [23], but was not evaluated for mesquite. Finally,
gluconate is known to enhance survival of the soil bacterium
Rhodococcus opacus under water stress [24] and gluconate
metabolism was detected in Klebsiella pneumoniae during in
vitro studies [25].
This study attempted to determine if: (1) gluconate is a root
exudate of mesquite P. articulata; (2) the presence of gluconate induced the activity of two catabolic enzymes in its pathway in A. brasilense Cd, working in tandem; (3) inoculation of
mesquite roots enhanced these enzymatic activities in the
plant; and (4) inoculation with A. brasilense positively affected
growth of mesquite.
2. Methods
2.1. Organisms
Azospirillum brasilense Cd (DSM 1843) was used as the inoculant. The bacteria were maintained, routinely cultivated,
and checked for purity by the standard methods for this species [26]. Mesquite seeds (Prosopis articulata S. Watson)
were collected from ten native trees (200 g plant1) located
in fields surrounding the settlements of El Centenario and El
Comitán, 15 km from La Paz, BCS, Mexico (24 070 3600 N,
110 250 4800 W) in JulyeAugust 2004 and 2005 when seeds
of this species mature.
2.2. Seed extraction
Only seeds that dried on the tree inside the pods were used
because only these seeds achieved >80% germination. Pods
visibly infected (perforated) with beetle larvae of Acanthoscelides obtectus (Say) were discarded. Seeds were extracted from
the pods by a mechanical mill (perforation foil, 1-cm diameter,
P. Felker, personal communication). Pod debris was discarded,
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and seeds were again checked for beetle larvae (visible as
a black dot on the upper third of the seeds). Healthy seeds
were stored at 2e6  C for several months.
2.3. Hydroponic growth condition of plants
2.3.1. Germination
Seeds were germinated in sealed plastic trays (25  40 cm).
The trays were disinfected with 3% sodium hypochlorite solution and then rinsed with sterile distilled water. The seeds were
placed on sterile paper towels (wetted with distilled water and
autoclaved). Seeds were disinfected under low agitation
(50 rpm) with the same disinfectant, decanted, and washed
five times with sterile distilled water, 1 min per washing. To
promote germination, seeds were placed in a steel strainer
and immersed in boiling water for 1 min; water was decanted,
and seeds were washed with distilled sterile water at room
temperature (26e28  C), and incubated in a container of distilled sterile water at 26e28  C for 4 h. Seeds were spread
on paper towels, about 1 cm apart and incubated in the dark
at 33  C in a growth chamber (Conviron, Model 125L, Manitoba, Canada). After 3 days, the seedlings were placed in
a deep tray (25  25  5 cm) containing 50% (w/v) modified
Hoagland’s solution [27], incubated for an additional 2e
3 days (post-germination) under light (200e220 mmol m2
s1, photoperiod of 12:12 h) and 70% relative humidity in
the same growth chamber. All transfers were performed under
a laminar flow hood to minimize environmental contamination
(described below). All hydroponic cultures were axenic from
the germination phase of seeds to harvesting of plantlets.
2.3.2. Hydroponic growth
After germination, seedlings having a manageable size
(w10-cm-long roots, 5-cm-long cotyledons) were transferred
to 30-ml glass tubes (20 mm diameter, screw cap with a small
central perforation) containing 25 ml full-strength Hoagland’s
solution. The roots of the germinating seedling were inserted
through the perforation into the nutrient solution. The seedlings
were grown under these conditions for an additional 2 days, until
the appearance of first true leaf. This was the time for inoculation. Then the seedlings were transferred to a specific photoperiod regime (12 h light, 200 mmol m2 s1, 33  1  C in
a growth chamber (Conviron). To avoid fungal growth during
this period, the roots of the seedlings were treated twice with
a fungicide, propyl 3-(dimethylamino) propyl carbamate at
72.2% w/v (PrevicurÒ, Bayer, Mexico) in water at 1 and 2 ml
l1 water for 30 min at room temperature (26e28  C), then thoroughly washed with sterile, distilled water and returned to the
hydroponics apparatus. To avoid proliferation of microalgae,
the hydroponics unit was sealed against light with commercial
aluminum foil, leaving only the foliage exposed to light.
2.4. Cultivation of bacteria and inoculation of seedlings
Bacteria were cultivated in a rich tryptoneeyeast extracte
glucose salts (TYG) medium for 16 h, harvested by centrifugation, washed, and prepared for inoculation in 0.85% NaCl
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[28]. Gluconate was added only to in vitro experiments (described later). Bacteria were added to the hydroponics unit at a final concentration of 2.5  108 CFU ml1. Plants were incubated
for 3 weeks under the conditions described above. During incubation, about 10 ml week1 full-strength Hoagland’s nutrient solution was added to compensate for loss of liquid in the
hydroponics. If more liquid was needed, sterile, distilled water
was added to maintain constant volume. The concentration of
A. brasilense Cd colonization of roots and identification of the
strain was done 15 and 24 days after inoculation by the plate
count method on TYG medium using its typical pink colony
color as a marker (the only Azospirillum strain exhibiting this
color) and expressed as CFU g (dw)1 [28].
2.5. Sand substrate cultures
Raising velvet mesquite in sand substrate was performed to
evaluate plant growth parameters. Seeds were germinated and
inoculated similar to hydroponic cultures. Plantlets were sown
in black PVC tubes (30  5 cm) filled with 350 g acid-treated
fine river sand (0.1 N HCl for 24 h, then washed several times
with distilled water). Pots were fertilized once with 10 ml of
Hoagland’s solution and incubated under natural illumination
at 32  2  C for 40 days. This experiment was not axenic.
2.6. Evaluation of plant growth parameters
In hydroponic cultures, the total length of the developing
foliage and dry weight of seedlings were measured on days
15 and 23 after inoculation, as described elsewhere [29]. In
sand substrate cultures, the following plant growth parameters
were measured after 25 and 40 days: height, number of leaves,
and length of leaves. Total chlorophyll (a and b) was measured
spectrophotometrically at 650 and 665 nm [30]. After 40 days,
the plants were removed. Dry weight of leaves and roots was
determined separately.
2.7. Quantification of gluconic acid in root exudates by
gas chromatographyemass spectroscopy (GC-MS)
After removing the seedlings, 250 ml of substrate solution
was dried at 40  C for 48 h. The dry deposit was derivatized using concentrated, cold (20  C) methanoleHCl (1:1 v/v). The
mixture was placed in Teflon-caped tubes and heated at 90  C
for 2 h and then cooled to 25  C. To this solution, 1.5 ml of
HPLC-grade hexane was added and gently mixed. The mixture
was left to settle for several minutes. The upper phase, containing methyl gluconate, was analyzed by GC-MS (Model GCD
Plus, Hewlett Packard, Palo Alto, CA) with a fused silica capillary column (30 m  0.25 mm inner diameter, Supelco Omegawax, Bellefonte, PA) filled with polyethylene glycol
(SigmaeAldrich) as the stationary phase and helium as the carrier gas. Separation was done according to the manufacturer’s
instructions: helium flow at 1.08 ml min1 and injector temperature at 250  C. After injection of the sample, the temperature
of the column was subjected to the following sequence: 70  C
for 5 min, increased to 140  C at a rate of 8  C min1. Total

separation time for each sample was 32.5 min at a detector temperature of 260  C. The quantity of gluconic acid was calculated automatically by the GC-MS, using analytical gluconic
acid (Sigma, St. Louis, MO) as the standard. All chemicals
used in this study were of analytical grade from Sigma, unless
otherwise indicated.
2.8. Enzyme extraction
2.8.1. Bacteria
A 400-ml culture of A. brasilense Cd, cultured for 16 h, was
centrifuged at 4000  g for 10 min. The pellet was washed twice
in a saline solution (0.85% NaCl), re-suspended in 8 ml ‘‘breaking buffer’’ (BB ¼ 0.01 M Tris [2-amino-(hydroximetyl)-1,3
propanodiol]) at pH 7.2 with 0.01 M MgCl2, 0.001 M dithiothreitol (DDT), as described by Fraenkel and Levisohn [31].
Cells were sonicated (three 30-s cycles and two 60-s cycles,
with a setting interval of 1 min on ice between each cycle (Ultrasonic Homogenizer 4710 Series, ColeeParmer Instruments, Vernon Hills, IL)). Less successful sonication regimes that were
tested are not shown. Cell debris was removed by centrifugation
at 10,500  g for 30 min at 4  C and the supernatant served as
the enzyme source for analyses. Only freshly prepared extracts
were used.
2.8.2. Roots
Seedlings (five samples per treatment, each containing
three seedlings) growing in an axenic hydroponics unit were
used. Roots were excised, cut into small pieces (5 mm long),
placed in cold BB buffer, and macerated with glass beads using a glass rod in an ice bath. This initial macerate was further
treated, and separated, as described for bacteria. Total protein
content of each enzymatic source was analyzed by the Commassie Brilliant Blue method [32].
2.9. Enzymatic activities
Analyses were essentially performed as described by Wang
and Dykhuizen [33] with small adjustments. To determine
gluconokinase (EC 2.7.1.12) activity, the reaction mixture
contained 1 ml of 50 mM HEPES buffer, otherwise known
as 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-Nasalt at pH 7.6 (JT Baker, Phillipsburg, NJ), 10 mM MgCl2,
3 mM ATP, 1 mM gluconate, 0.2 mM NADP, and one unit
of 6-phosphogluconate dehydrogenase, all previously equilibrated at 37  C and 100 ml enzyme source. Starting the moment the enzyme was added, the enzymatic activity was
continuously measured for 10 min at 340 nm and 37  C by
an eight-cell spectrophotometer (UV/VIS Lambda Bio 20,
PerkineElmer). Two controls were used: a positive, which
was 6-phosphogluconate dehydrogenase (Sigma) at 0.2 units
of activity (other concentrations are not shown) and a negative,
which is a reaction mixture without an enzyme where the volume of the enzymatic extract was replaced by distilled water.
To determine 6-phosphogluconate dehydrogenase (EC
1.1.1.44), a similar procedure as in the previous enzyme analysis was used, but with a different set of reagents: 50 mM
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HEPES buffer-Na-salt at pH 7.6, 10 mM MgCl2, 500 mM phosphogluconate, and 0.2 mM NADP. These two enzymes work
sequentially; the product of the first (6-phosphogluconate) is
the substrate for the second. Therefore, the same commercial
enzyme, which was used as a positive control, can serve for
both enzymes.
To evaluate the effect of gluconate in the culture medium
on enzymatic activity in A. brasilense Cd, six concentrations
(1, 3, 5, 10, 15, and 20 g l1) were added to the TYG medium
using controls containing no gluconate in the medium. Bacterial growth and enzymatic activity were evaluated as described
above. Enzymatic activity for both enzymes was defined as
one enzyme unit equals Dabsorbance min1 mg protein1.
2.10. Experimental design and statistical analysis
Using a randomized block design, each experiment was
carried out in triplicate. Each block contained 40 inoculated
plants and 40 plants that were not inoculated. Evaluation of
bacterial colonization was done in triplicates on 27 plants
and plant response to inoculation used 40 pots. After germination, identically sized seedlings (cotyledons about 5 cm long)
were used for inoculation. Plants were sampled for testing
growth promotion and root colonization by bacteria on day
15 and 24 after inoculation in hydroponics cultures and after
26 and 40 days in sand substrate cultures. Each experiment,
colonization or promotion of growth, was repeated twice and
the results are the average of the two experiments, i.e., replicates were compared for each independent experiment and
the data were pooled for analysis. All data were first analyzed
by ANOVA and then by LSD posthoc analysis or by Student’s
t-test at P  0.05 with StatisticaÔ ver. 6.0 software (Kernel
release, StatSoft, Tulsa, OK).
3. Results
3.1. Detection and quantification of gluconic acids from
root exudates of mesquite seedlings
Using analytical grade gluconic acid as a marker, we detected an average of 20 mg ml1 gluconic acid in root exudates
of mesquite seedlings growing in hydroponics units equivalent
to about 0.1 mM (retention time of 14.24 min and relation
mass/charge of 43). Gluconic acid was the major root exudate
detected with the extraction and assessment measure applied.
The other root exudates remained unidentified.
3.2. Effect of gluconate in the culture medium on
enzymatic activity of gluconokinase and
6-phosphogluconate dehydrogenase of A. brasilense Cd
At six concentrations of gluconate added to culture medium
for A. brasilense Cd, activity of the two enzymes showed different patterns. All concentrations of gluconate positively
affected gluconokinase activity (Fig. 1b). In contrast, external
gluconate had no effect on the activity of 6-phosphogluconate

Fig. 1. Specific activity of the enzymes 6-phosphogluconate dehydrogenase (a)
and gluconokinase (b) in cell extracts of A. brasilense Cd grown in TYG medium supplemented with six concentrations of gluconate. Enzymatic activity
for both enzymes was defined as one enzyme unit equals D absorbance
min1 mg protein1. In each subfigure, columns denoted by a similar letter
do not differ significantly at P  0.05, using one-way ANOVA. Bars represent
SE. Data are the mean of two identical experiments run separately.

dehydrogenase (Fig. 1a). This was also true for gluconokinase
activity in the absence of gluconate in the medium.
3.3. Enzymatic activities in mesquite seedling roots, with
and without inoculation with A. brasilense Cd
Evaluating the activity of both enzymes in mesquite roots at
15 and 23 days after inoculation with A. brasilense Cd revealed
a different pattern for each enzyme, similar to the results of the
culture medium studies. Inoculation did not enhance activity of
both enzymes after 15 days of incubation (Fig. 2a,c). Gluconokinase activity, significantly increased in inoculated plants incubated for 23 days, but that of 6-phosphogluconate
dehydrogenase did not change (Fig. 2b,d). Whether inoculated
or not, activity of 6-phosphogluconate dehydrogenase in 23day-old plants (8 days difference) was significantly higher (compare Fig. 2a and b), while increased gluconokinase activity
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Fig. 2. Specific activity of the enzymes 6-phosphogluconate dehydrogenase (a,b) and gluconokinase (c,d) in mesquite seedling roots, with and without inoculation
with A. brasilense Cd during two sampling periods. Enzymatic activity for both enzymes was defined as one enzyme unit equals D absorbance min1 mg protein1.
Controls were: a positive, 6-phosphogluconate dehydrogenase at 0.2 units of activity; a negative, a reaction mixture without an enzyme where the volume of the
enzymatic extract was replaced by distilled water. In each subfigure, columns denoted by a similar letter do not differ significantly at P  0.05, using one-way
ANOVA. Bars represent SE. Data are the mean of two identical experiments run separately.

resulted only in inoculated treatments because older noninoculated seedlings maintained the same activity as younger
seedlings (compare Fig. 2c and d) and the sum of activities of
the roots and the negative control was still lower than activity
in inoculated plants.

inoculated and non-inoculated plants in these specific parameters. However, dry weight of roots and shoots and chlorophyll
content significantly increased in inoculated plants (Table 1).
Root colonization by A. brasilense Cd was very high and
increased with time of incubation (Table 1).

3.4. Effect of inoculation with A. brasilense Cd on
mesquite seedlings growing in hydroponics and sand
cultures

4. Discussion

In hydroponics, growth parameters of seedlings were height
and dry weight (DW). DW (55.17  10.27 mg plant1) varied
greatly, as is common for slow-growing wild plants. Therefore, this parameter was not statistically significant. The height
of inoculated plants increased significantly (14.6  0.45 cm
for inoculated plants, compared to 12.5  0.9 cm for plants
that were not inoculated (t-test, P  0.0005, n ¼ 60 plants,
average of two trials) for the short duration of the experiment.
Growth in sand substrate cultures was slower than in hydroponics. The most notable effects of inoculation were on plant
dry weight (both of roots and shoots) and on total chlorophyll
content, which significantly increased. Although the height of
plants, number of leaves, and length of each leaf increased
with time in the inoculated plants, and appeared greater than
in non-inoculated plants, the short duration of the experiment
did not allow detection of statistical differences between

Desert plants, mainly cacti, benefit from plant growthpromoting bacteria of the genus Azospirillum [5,14,15,34].
The mechanism by which Azospirillum affects cacti and other
desert plants is unknown, but is assumed to be similar to crop
plants, mainly improving the plant hormone metabolism under
unfavorable growth conditions and enhanced mineral uptake
and water absorption [11]. The benefits from the plant roote
bacteria association are presumed to be related to available
root exudates. In this study, we investigated whether mesquite
amargo trees can supply available root exudates to A. brasilense and whether two gluconate enzymes of the plante
bacteria interaction are active (or activated) during the association.
This was done by evaluating exudation of gluconic acid, one
of the most common growth substrates for Azospirillum
[18,20] from mesquite roots and the activity level of two
enzymes involved in its catabolism.
While gluconic acid is not a common root exudate [23], this
study showed that mesquite amargo exudes this compound and

L.A. Leyva, Y. Bashan / Plant Physiology and Biochemistry 46 (2008) 898e904

903

Table 1
Effect of inoculation of mesquite seedlings with A. brasilense Cd in sand and hydroponic cultures
Parameter

Dry weight of single plant after 40 days (mg)
Height after 26 days (mm)
Height after 40 days (mm)
Number of leaves after 26 days
Number of leaves after 40 days
Length of leaves after 26 days (mm)
Length of leaves after 40 days (mm)
Total chlorophyll content (mg.g1)
Root colonization after 15 days (cfu g dw1)
Root colonization after 24 days (cfu g dw1)

Inoculated

Non-inoculated

Root

Foliage

Root

Foliage

46  6.2a
NA
NA
NA
NA
NA
NA
NA
1.23  0.13  109
1.2  0.05  1010

71.4  12.4a
42.2  1.9a
61  3.3a
2.58  0.19a
5.37  0.44a
32.1  3.1a
69.9  6.9a
774.9  58.7a
NA
NA

28.2  5.5b
NA
NA
NA
NA
NA
NA
NA
0
0

64  5b
41.6  1.3a
63.45  3a
2.5  0.19a
4.89  0.4a
26.9  2.6a
65.4  7.3a
523.4  45.6b
NA
NA

All data represent the average (SE) of 20 plants grown in sand substrate cultures. Root colonization by A. brasilense Cd was evaluated in nine plants, in triplicate,
grown in hydroponic units. NA, not applicable. Corresponding pairs of data in rows, denoted by different letters, differ significantly by Student’s t-test at P  0.05.

Azospirillum catabolizes it via two enzymes in vitro and perhaps
in planta. We found that gluconokinase is induced by the presence of gluconic acid, while 6-phosphogluconate dehydrogenase is a constitutive enzyme. Although the concentration of
root-exuded gluconate is smaller than the level of gluconate
in bacterial cultures, the number of bacteria colonizing roots
is very high and similar to medium cultures, demonstrating
the ability of mesquite amargo trees to support populations of
plant growth-promoting A. brasilense, even though this bacterium has, so far, not been detected in the natural rhizosphere
of the tree. This level of colonization is similar to excellent
root colonization reported for Azospirillum sp. for a few crops
and is higher than root colonization by this species in most plant
species where Azospirillum sp. exhibits growth promotion [11].
However, a reservation should be pointed out; although gluconate is the major root exudate in roots of mesquite amargo,
other root exudates, although in small quantities and not identified in this study, may also contribute to the large proliferation
of A. brasilense Cd in the roots.
There are no studies concerning gluconate enzymatic pathways in Azospirillum. However, in Escherichia coli and
Salmonella typhimurium, the gene for gluconokinase is inducible [31,35e37]. Similar to our findings in A. brasilense, 6phosphogluconate dehydrogenase of E. coli did not increase
its activity when the concentration of gluconate in the medium
increased [33]. Three explanations for this can be considered:
(1) another enzyme in the gluconate pathways (6phosphogluconate dehydratase) is using the same substrate
as 6-phosphogluconate dehydrogenase (6-phosphogluconate)
and both enzymes are active at the same time and this results
in no increase in activity when the concentration of gluconate
increases [33]; (2) there may be competition between 6phosphogluconate dehydrogenase and 6-phosphogluconate
dehydratase for the same substrate, 6-phosphogluconate [31];
(3) induction of 6-phosphogluconate dehydratase is favored
over 6-phosphogluconate dehydrogenase under conditions of
low oxygen concentration, as in E. coli during in vitro experiments [38]. Perhaps there is less oxygen around mesquite
roots in hydroponic culture and this enzyme (not evaluated
in this study) was more active than 6-phosphogluconate dehydrogenase, which was evaluated.

In summary, gluconic acid exudate from young mesquite
seedling roots catabolized by A. brasilense Cd via two enzymes, gluconokinase and 6-phosphogluconate dehydrogenase. Roots inoculated with A. brasilense Cd exhibit
significantly higher activity of gluconokinase, but not 6phosphogluconate dehydrogenase.
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