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Abstract

Wild Cardon cactus seeds were inoculated with Azospirillum brasilense strains
Cd and Sp-245 to improve seed germination and seedling growth parame-
ters. Differential germination responses were related to the bacterial strain.
A. brasilense Cd (the type strain for the species A. brasilense) significantly
decreased seed germination. A. brasilense Sp245 (a known beneficial bacteria
for cereal plants) significantly increased the germination of the seedlings at the
same inoculum concentration. Both bacterial strains improved several plant
growth parameters related to seedling survivability (height, diameter, volume
and the volume/surface ratio) and decreased the aging process of the seedling
spines. Both strains of A. brasilense survived in the cactus rhizosphere for
about 300 days after seed inoculation. This study adds further evidence that
A. brasilense should be considered as a non-specific beneficial bacteria and we
propose the inoculation of Cardon cactus seeds as a possible means of enhancing
seedling growth in nurseries.
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1. Introduction

The endemic giant columnar Cardon cactus (Pachycereus pringlet) is one
of the most massive cacti of the world and the most distinctive plant and
landmark in the Baja California desert of Mexico (Fig. 1). This tree shaped

Figure 1. Mature Cardon cactus in the wilderness of the state of Baja California Sur, Mexico.
Note the dominance of the plant over the local flora.

cactus normally grows to 15 m, with some specimen reaching over 20 m. The
Cardon has a massive trunk over a meter in diameter with up to 70 ascending
branches and can weigh more than 25000 kg (Cullmann et al., 1986; Gibson
and Nobel, 1986). Although long-lived, each cactus plant annually produces
an abundance of viable seeds. The seeds are larger than those of most other
columnar cacti (3-4 mm long and 1-2 mm thick); they are edible, highly
nutritious (Valencia et al., 1985) and were important in the traditional Seri
Indian diet of the Sonoran desert in northern Mexico (Felger and Moser, 1974).
However, seedlings establishment under natural conditions is apparently poor;
relatively few young plants are detected in southern Baja California peninsula
wilderness following their first, hot, dry season. Rare seedling locations can be
found in shaded, hard-to-reach crevices, concealed from the ravage of desert
rodents. After the initial year, the few surviving young plants are protected
against further predation by the production of various toxic compounds and
by the hardening of their spines (Franco and Nobel, 1989; Gibson and Nobel,
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1986; Valiente-Banuet et al., 1991). This cactus, once established, acts as an
excellent top-soil stabilizer with its huge superficial root system preventing
dust storms in southern Baja California (Bashan, unpublished data).

The Cardon cactus, known to the western world for hundreds of years and
systematically characterized in the beginning of this century (Cullmann et
al., 1986), has inspired very little research on its physiology and biochemistry
(Mata and McLaughlin, 1986; Tuttle, 1991). Furthermore, its interaction with
any soil microorganisms is scarcely documented (Rose, 1981).

The aims of the present study were: (1) to evaluate the effect of two com-
mon, cereal-originated Azospirillum brasilense strains on the germination and
seedling growth of the Cardon cactus, (2) to further establish the notion that
A. brasilense is a general, non-specific beneficial bacteria, and (3) to present
the first report about the effect of Azospirilum on a member of the cactus
family.

2. Materials and Methods
Organisms

Azospirillum brasilense strains Cd (ATCC 29710) and Sp-245 (Baldani et
al., 1986) were used as inoculum. Cardon (Pachycereus pringlei (S. Watson)
Britton & Rose 1909) seeds were collected from wild cacti located in the natural
reserve of the Center for Biological Research (CIB) (“El Comitan” area, 17 km
west of La Paz) in August of 1990 and 1991 and kept in hermetically sealed
boxes at ambient temperature. As the germination rate of Cardon seeds de-
creases after a year of storage, each experiment was conducted with the newest

seeds available.

Bacterial growth conditions and plant inoculation

Bacteria were grown, maintained, and harvested for inoculation as pre-
viously described in detail (Bashan and Levanony, 1985). In general, the
bacterial concentration for the inoculum was 108cfu ml~!, an optimal con-
centration for many plant species (Bashan, 1986b; Bashan et al., 1989a). In a
few experiments, other bacterial concentrations (10%-107cfu ml~') were used.
Seeds were inoculated by dipping them for 5 min into bacterial suspensions
under a vacuum of 600 mm Hg. Then, the vacuum was released abruptly,
allowing the bacteria to penetrate seed cavities which were previously filled
with air. Germination experiments were done by either one of the following

procedures:
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1. Seeds were evenly spread in Petri-dishes (10-50 seeds per 17 cm dish)
containing sterile, pre-wetted cotton. The dishes were incubated under
constant fluorescent illumination of 70 yE m~2 s~1 at 25+3°C. (Alcorn
and Kurtz [1959] demonstrated the effect of this light and temperature
on seed germination of the Saguaro cactus which belongs to the same
tribe as the Cardon cactus [Bergman and Bouman, 1983]). Germination
was scored daily for 15 days after inoculation.

2. A modification of the “paper towel” method described by Fages and
Arsac (1991) was used: seeds were placed on a single, wet paper towel,
spread on the bottom of a glass container.

Seedlings growth conditions

Fifteen days after inoculation, the germinating seedlings were aseptically
transferred into closed, transparent, plastic trays (25x15x8 cm) containing
sterile, wet, fine vermiculite (6 cm deep). The miniature seedlings were planted
3 cm apart. Each tray consisted of miniature seedlings of one inoculation
treatment. Since the seedlings require minimum ventilation, the trays were
opened separately, once a week in a laminar flow hood. The nurseries were
fertilized with 1/4 Hoagland’s nutrient solution every month and incubated
up to 11 months under the conditions described above. Measurements of
seedling development were taken in intervals ranging from 60 to 270 days after
inoculation.

Counting and identifying A. brasilense strains from the rhizosphere

Bacteria were counted from the rhizosphere (the vermiculite fraction which
was in close proximity to the roots) or from the paper-grown seedlings as
described elsewhere (Bashan et al., 1989a; Krieg and Débereiner, 1986).

FEvaluation of spine age

The qualitative evaluation of spine age was done according to Gibson and
Nobel (1986), where white spines are considered juveniles and brown spines are
considered mature, due to the production of thick cell-walls which are impreg-
nated with lignin. The respective colors were indexed as follows: O=presence
of only white spines on the seedling; 1=presence of a mixture of white and
brown spines on the seedling; 2=presence of brown spines only. The indices
presented in Fig. 5F are the means for all the seedlings.
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Ezperimental design, statistical analysis and data presentation

All experiments were performed in a randomized design in 5 replicates. Each
replicate consisted of 10-50 seeds. Experiments were repeated up to 12 times
each in two consecutive years using a new seed batch every year. Results are
means of all experiments. Significance is given by P< 0.05. Since wild seeds
and seedlings are inherently highly variable, a complete replicate of numerical
data is difficult. Only trends can be compared. Therefore, some data are pre-
sented as percentage of control seeds and seedlings, i.e., the treatment results
were compared to their controls for percentages (in each separate experiment)
to be used in statistical analysis after transformation of the data to arcsin.

3. Results
Enhancement and inhibition of germination by the two A. brasilense strains at
optimal and at various inoculation levels

Inoculation of Cardon seeds with A. brasilense strains Cd and Sp-245 re-
sulted in different responses. In 12 experiments at optimal concentration
(10%cfu ml™?), strain Cd significantly decreased germination while strain Sp-
245 significantly enhanced seed germination (Fig. 2A). Strain Cd significantly
inhibited seed germination at concentrations ranging from 10° to 107cfu ml™?
(Fig. 2B) while strain Sp-245 significantly enhanced seed germination at con-
centrations ranging from 10% to 105cfu ml~? (Fig. 2C). Both strains multiplied
on the emerging roots, though to a different extent. The Cd strain population
increased nearly 10 fold 3 days after inoculation but later decreased. On the
other hand, strain Sp-245 continued to multiply up to 8 days after inocula-
tion, reaching very high levels (> 108cfu seedling™) and also decreasing later

(Fig. 2D).

Survival of A. brasilense in Cardon rhizosphere

Both A. brasilense strains survived well in the rhizosphere of Cardon
seedlings. Although the bacterial numbers in each replicate varied greatly be-
tween the six experiments (ranging from 5x10* to 3x10%cfu/g vermiculite), all
rhizosphere samples contained one of the A. brasilense strains one month after
inoculation. No cross contamination between inoculated and non-inoculated
nurseries was detected (Fig. 3). Further analysis of A. brasilense populations
revealed a decrease in the size of the population which stabilized more than
2 months after inoculation at a level of 10°-10*cfu g vermiculite™?. This level
of bacteria for both strains was maintained for at least 300 days (Fig. 3).
Since it was assumed that part of the bacterial population remained attached
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Figure 2. Effect of inoculation on Cardon seeds with A. brasilense strains at inoculum level 4
of 10°fu ml=! (A) and at various inoculum levels (B, C). Results are presented

as percentage of a non-inoculated control and are means of 4 (Strain Cd) and 12

(strain Sp-245) experiments (A), 2 experiments (B) and 6 experiments (C), each

designed in 5 replicates. Columns followed by a different letter (in each sub-figure,

separately) differ significantly at P< 0.05; (D) number of bacteria on germinating

Cardon seedlings. Bars represent SE of the lines.
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Figure 3. Survival of A. brasilense, strains Cd and Sp-245 in Cardon seedling rhizosphere at
30 to 300 days after seed inoculation. Numbers are means of 3-6 replicates. Bars
represent SE.
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Cd and Sp-245 on seedling development 5 months after inoculation.
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5. The effect of inoculation with A. brasilense on some growth parameters of Cardon
seedlings. (A) seedling height; (B) seedling diameter at the center; (C) seedling
volume (calculated); (D) ratio volume/surface (calculated); (E) seedling establish-
ment; (F) aging of spines. Numbers which follow columns of non-inoculated plants
in sub-figures A—C indicate the average size of the seedling in mm (A-B) and mm?
(C). Columns followed by a different letter at each sub-figure differ significantly
at P< 0.05 in ANOVA one-way analysis.
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Figure 6a. (A) Non-inoculated. Cardon  Figure 6b. Aging of Cardon spines after in-
spines. Brown spines = mature oculation with A. brasilense Cd.
stage of growth. White spines = juvenile stage.

to the vermiculite particles and were thus uncounted, these numbers should
be regarded as minimal counts.

Enhanced growth of inoculated Cardon seedlings

Cardon seedlings significantly and positively responded to A. brasilense in-
oculation (Fig. 4). Both strains enhanced growth parameters such as seedling
height (Fig. 5A), diameter (Fig. 5B), volume (Fig. 5C) and the ratio of vol-
ume/surface (Fig. 5D). Under nursery conditions, seedling establishment was
very high, both in inoculated and non-inoculated nurseries (Fig. 5E).

Inhibition of the aging process of spines

Inoculation of the seeds with either strain resulted in the inhibition of the
aging process of the spines. A large portion of the plants still exhibited
white spines up to 9 months after inoculation (Fig. 6A), while spines in non-
inoculated plants became light brown as they normally do in this cactus species

(Figs. 5F, 6B).

A
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4. Discussion

Azospirillum strains have been routinely isolated from various plant rhizo-
spheres (Bashan and Levanony, 1990) including cacti (Mascarua-Esparza et
al., 1988). This genus is notorious for its beneficial effects on cultivated ce-
real plants (Bashan, 1986a; Jagnow, 1987) vegetables, and commercial plants
(Bashan and Levanony, 1990; Bashan et al., 1989a; Del Gallo and Fabbri,
1990; Fages and Arsac, 1991), and has been known to produce an associa-
tion with several succulent desert plants (Rao and Venkateswarlu, 1982). This
study provides the first evidence that cereal-originated A. brasilense strains
can positively affect cactus plants as well, and it is one of the few studies
demonstrating the effect of Azospirillum on wild plants.

Azospirillum strains have been claimed to possess some plant specificity
towards cereals (Baldani and Débereiner, 1980; Kapulnik et al., 1981; Pereira
et al., 1988). This study, together with several others (Bashan, 1991; Bashan
et al., 1989a,b, 1990, 1992; Del Gallo and Fabbri, 1990; Fages and Arsac, 1991;
Hadas and Okon, 1987; Saha et al., 1985) demonstrate the beneficial effects of
Azospirillum on plants other than the originally intended cereals. It strongly
supports the notion that Azospirillum should be considered a non-specific,
general, beneficial bacteria. As such, strains of this genus should be tested
for inoculating a large variety of commercial plant families and should not be
limited to cereals where their effect is inconsistent and unpredictable (Bashan
and Levanony, 1990; Jagnow, 1987).

The Azospirillum mode of action is far from being understood and various
proposals are pending, including one that claims there is no major mechanism.
Instead, the effect is attributed to several, small magnitude mechanisms which
participate in the association, the sum of which results in the observed changes
in plant growth (Bashan and Levanony, 1990). The results presented in this
study do not provide new insight into this controversy. Conversely, by pre-
senting extensive data collected from many repetitive experiments, it further
emphasizes that the complexity of Azospirillum-plant interaction is not lim-
ited to cereals alone, but to other plant species as well. It is as yet unclear,
for example, how the bacteria produce different responses on the germination
process (inhibition vs. enhancement by different strains) and yet, both strains
enhance seedling growth. Apparently, the theory that high levels of bacteria
produce “toxic effects” on plants (Barbieri et al., 1988; Bashan, 1986b; Ka-
pulnik et al., 1985) does not hold for all A. brasilense strains; A. brasilense
Sp-245 is capable of developing extremely large populations on Cardon roots,
yet still enhances seedling growth.

Full-grown Cardon cacti are highly adaptable to the harsh arid zones of
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Baja California. However, to survive the first hot, dry season, the miniature
seedling must develop sufficient water storage tissue during the preceding wet
season. A spherical shape is the ultimate form for water conservation since
it maximizes the volume of stored water per unit area of transpiring surface.
Thus, a higher ratio of volume/surface is of utmost importance and the key
parameter for seedling survival; consequently, a larger seedling can successfully
endure a longer drought (Jordan and Nobel, 1981; Gibson and Nobel, 1986).
Inoculation with A. brasilense, which increased plant growth parameters re-
lated to seedling survival, is important to future nurseries of Cardon destined
for the re-forestation of desertified regions. These results may also provide
clues for improving seedling establishment which is at present, extremely low.

The observed decrease in the aging process of spines is an apparent disad-
vantage to the survival of the young seedling. These spines are not producing
thick cell-walls and accumulate less lignin, thus remaining alive and bristle.
Lignified, hard spines, provide the first line of defense for the seedling against
consumption by desert rodents. Seedling predation, even under normal growth
conditions, destroys more than 99% of the seedlings in their first year (Gibson
and Nobel, 1986). Therefore, the phenomenon of prolonged spine juvination
certainly requires further attention.

In conclusion, the inoculation of Cardon seeds with A. brasilense strains
affects seed germination and promotes seedling development.
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