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a  b  s  t  r  a  c  t

Mammillaria  fraileana  is  a major  pioneer,  small  cactus  that  harbors  endophytic  bacteria  that  have  plant
growth-promoting  traits,  including  rock-weathering  capacity.  Our  working  hypothesis  was  that  this func-
tional  group  of endophytic  bacteria  assists  in  establishing  pioneer  plants  on  rocks.  When  these  endophytic
bacteria  were  inoculated  on seedlings  grown  in  rock  substrate,  mobilization  of  elements  from  the  sub-
strate  increased  at variable  levels  across  combinations  of  substrates  and  inoculants.  In  plants  grown  in
the rhyodacite  substrate,  where  these  cacti  naturally  grow,  increased  mobilization  occurred  in plants
inoculated  with  several  strains.  Promotion  of  plant  growth,  manifested  as  an  increase  in dry  weight,  was
greater  in cacti  inoculated  with  Enterobacter  sakazakii  M2PFe.  Accumulation  of  nocturnal  acids,  indicating
photosynthesis  by  crassulacean  acid metabolism,  was  superior  in  plants  inoculated  with  the endophytes
Azotobacter  vinelandii  M2Per  and Pseudomonas  putida  M5TSA.  Inoculation  with  endophytes  can stimulate
plant  growth  of  M.  fraileana  by  mobilizing  elements  from  rock, which  can lead  to  higher  photosynthetic
activity  and  accumulation  of  biomass.  Inoculation  with  P.  putida  M5TSA  also  led  to  accumulation  of  more
total  nitrogen  than  plants  inoculated  with a  control  nitrogen-fixing  bacteria.  Evidence  of  endophytic  col-
onization  is provided  after  initial  inoculation  of  seedlings  and  re-isolation  and  sequencing  of 16S  DNA
of  recovered  bacteria  from  developing  disinfected  plants.  The  associative  interaction  between  pioneer
cacti  and  their  bacterial  endophytes  enable  the  host  plants  to  grow  in  places  where  plants  do not  nor-
mally  grow.  Through  colonization  and  establishment  of  pioneer  plants,  soil  is created,  which  facilitates
colonization  by  other  desert  species  and  contributes  to the diversity  of dry  lands.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Plant-mediated interactions are receiving greater attention for
their importance on structuring multi-trophic above and below
ground communities, since these interactions are highly diverse
and involve all phyla (van Dam and Heil, 2011). Plant-microbial
interactions can be classified into three basic groups: (1) nega-
tive (pathogenic) interactions; (2) positive interactions, in which
either both partners derive benefits from close association (mutu-
alism) and both partners derive benefits from loose association or
only one partner derives benefits without harming the other (asso-
ciative); and (3) neutral interactions, where none of the partners
derives a direct benefit from interaction and neither is harmed
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(Singh et al., 2004). Among associative interactions, endophytism
can be regarded as synergistic interactions benefiting both organ-
isms (Hardoim et al., 2008; Ryan et al., 2008). It is now established
that almost all plants are colonized by a diverse array of endo-
phytic microorganisms (Strobel, 2007; Sturz and Nowak, 2000).
Microbial endophytes (bacteria, fungi, and AM fungi) are defined as
microorganisms that colonize internal tissues of plants and show
no external signs of negative effect (Danhorn and Fuqua, 2007; Ryan
et al., 2008; Schulz and Boyle, 2006).

The effect of bacterial endophytes on plant performance was
mainly studied in crops. Certain endophytes have been shown
to: (a) Increase plant resistance to pathogens by production of
phytoalexins, accumulation of pathogenesis-related proteins, and
deposition of structural barriers (Benhamou et al., 2000; Kloepper
and Ryu, 2006); (b) Control insect pests (Azevedo et al., 2000; Fahey
et al., 1991) and pathogenic nematodes (Hallmann et al., 1998) by
production of toxic compounds (antibiosis) in the host plant; and
(c) Improve plant growth in general (Hardoim et al., 2008; Sturz
et al., 1997). Furthermore, plant–bacterial endophyte associations
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have potential for improving phytoremediation of soils by increas-
ing degradation of pollutants, such as herbicides (Germaine et al.,
2006) and increasing heavy metal uptake and translocation in
hyper-accumulating plants (Doty, 2008). In addition to enhanc-
ing the ability of plants to tolerate pollutants in their tissues,
endophytes can metabolize some contaminants inside plants
(Doty, 2008). Commercial applications of bacterial endophytes are
inoculants in agriculture (Sturz and Nowak, 2000) and a source of
secondary metabolites for medical applications (Strobel, 2007).

Promotion of plant growth mediated by endophytic bacteria
may  be exerted by several mechanisms, such as production and
regulation of levels of phytohormones, including indole-3-acetic
acid and ethylene (Hardoim et al., 2008; Long et al., 2008), nitrogen
fixation (Doty et al., 2009), synthesis of siderophores (Ramesh
et al., 2009), and solubilization of minerals, including phosphorus
(Puente et al., 2009a; Vessey, 2003). Mechanisms for mineral sol-
ubilization by the plant–endophytic bacteria association remain
unclear, but may  result from secreting short-chain organic acids of
element-specific ligands that are able to change the pH of the sub-
strate and enhance chelation (Carrillo et al., 2002; Vessey, 2003).
As a consequence, minerals dissolved outside of plants result in
increased mobilization of elements into the plants (Puente et al.,
2004a). Bacterial endophytes can also increase photosynthetic

activity (Chi et al., 2005), accelerate emergence of seedlings,
and promote establishment of plants under adverse conditions
(Forchetti et al., 2010; Puente et al., 2009b).  All these positive traits
notwithstanding, activity of endophytic bacteria in wild plants is
scarcely studied.

In some arid regions of Mexico, plants such as cacti commonly
establish on rocks without soil (Bashan et al., 2002, 2006b; Lopez
et al., 2009; Valverde et al., 2004). These plants can create associa-
tive interactions with mycorrhizal fungi and rhizoplane bacteria
and their growth is enhanced by inoculation with these bacteria
(Bashan et al., 2007; Puente et al., 2004a,b). Endophytic bacteria col-
onizing roots of the giant cardon Pachycereus pringlei cactus were
shown to be associated with rock weathering, which in turn sup-
plies cacti with inorganic nutrients and fixed nitrogen (Puente et al.,
2009a,b).

In this study, we investigated the cactus Mammillaria fraileana
and its endophytes. This small cactus grows in clusters of individual
plants. They have narrow cylindrical stems (3-cm diameter, up to
30 cm high), pink flowers, and red fruits that contain numerous
small black seeds (Fig. 1A; Anderson, 2001). This endemic cactus is
common on rocky habitats along the east coast of the southern part
of the Baja California Peninsula (Wiggins, 1980). In an earlier study,
we found that M. fraileana is the main plant species colonizing

Fig. 1. Ecological importance of the rock-colonizing cactus Mammillaria fraileana. (A) Plants growing in rock fissures without soil, (B) distribution of the abundance of plants
colonizing bare rocks. Ecological importance in terms of Importance Value Index (IVI). Maximum value for IVI = 200. In parenthesis, the number of species counted for each
group  of plants, (C) variation of abundance of M. fraileana recorded in two types of rocks. Data modified from Lopez et al. (2009).
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rocks ranging from rhyodacite to rhyolite (from ancient volcanic
eruptions), and that the mineral composition and type of rock influ-
ence the abundance of this cactus (Fig. 1B and C; Lopez et al., 2009).
Plants can be found in rock fissures or on the rock surface without
the presence of soil (Fig. 1A; Lopez et al., 2009). Because rhyodacite
is weathered to a greater extent in the presence of these cacti, it
is assumed that this cactus is directly associated with large-scale,
rock weathering and formation of soil (Bashan et al., 2002; Lopez
et al., 2011). Yet, there is essentially no evidence to support this
claim.

In a recent study, we isolated several endophytic bacteria with
the capacity to fix nitrogen, degrade rhyodacite, and solubilize
phosphate in vitro (Lopez et al., 2011). Our working hypothesis
in this study was that this group of bacteria, having potential
plant growth-promoting traits, participates in mobilizing miner-
als in rocks, and assists in establishing these cacti on rocks. This
hypothesis was tested by studying how mobilization of elements
and several parameters of plant growth are affected by inoculation
with endophytic bacteria and the type of substrate these plants use
in nature.

2. Materials and methods

2.1. Organisms

Mammillaria fraileana (Britt. and Rose, 1923) Boedeker (local
name ‘viejito’ or ‘little old man’) was used in all experiments. Plants
were inoculated with four strains of endophytic bacteria previ-
ously isolated from roots of M.  fraileana growing on rock (Lopez
et al., 2011): Bacillus megaterium M1PCa, Enterobacter sakaza-
kii M2PFe, Pseudomonas putida,  and Azotobacter vinelandii M2Per
(GenBank accession numbers: GQ504713, GQ504715, GQ504714,
and GQ504712, respectively). These strains were tested as plant
growth-promoting bacteria (PGPB) because they showed poten-
tial traits for PGPB, such as fixing nitrogen, solubilizing minerals,
and weathering rock in vitro (Lopez et al., 2011). Endophytic bacte-
ria were tested separately and as a consortium of the four strains.
We  used two positive PGPB controls, Azospirillum brasilense Cd
(ATCC 29710) and Bacillus pumilus ES4 (GenBank accession number
FJ032017), isolated from the giant cardon cactus P. pringlei. The cac-
tus and its bacteria are known to weather rock (Puente et al., 2006,
2009b). The negative control was cacti that were not inoculated.

2.2. Substrates

Three different substrates for growing plants were used: (1) Pul-
verized rhyodacite + perlite (RPE, 1:8, w/w) served as the tested
substrate and representing the substrate where M. fraileana grows
plentifully in nature. (See Lopez et al., 2009 for chemical com-
position of these rocks.) Perlite (Supreme Perlite, Portland, OR)
was added to reduce the bulk density of the ground rock to allow
plants to grow; (2) The positive substrate control (PNS), intended
to provide sufficient nutrients to plants and consisting of per-
lite (<0.53–0.85 �m at proportions described below) supplemented
with 1/10 Hoagland’s nutrient solution during watering (complete
formula in mg  L−1): 492 MgSO4, 1.81 MnCl2·4H2O, 2.86 H3BO3, 0.22
ZnSO4·5H2O, 0.078 CuSO4·7H2O, 0.12 NaMoO4·H2O, 1.8 CaCl2, 16
KSO4, 0.5 K2HPO4, 100 KNO3, 3 Ca(NO3)·4H2O, and 0.06 mL  0.5%
FeSO4 + 0.4% tartaric acid); (3) The negative substrate control (PE)
represented the substrate that is low in nutrients and consisting
only of perlite.

To produce the RPE substrate for the greenhouse experiment,
ten fragments of rhyodacite (∼250 g each) were collected from a
ridge in Baja California Sur, Mexico (24◦11′15′ ′N, 110◦17′50′ ′W),
pulverized, and sieved to 74-�m particle size (200 screen mesh).

The substrate in each pot (3.5 cm × 3.5 cm × 6 cm high, 9 g sub-
strate) was prepared by adding 1 g pulverized rock to multi-sized
perlite: 3 g perlite (0.85–1.4 �m),  4 g perlite (0.53–0.85 �m),  1 g
perlite (<0.53 �m)  (1:8 ratio). For positive and negative controls,
the perlite substrate was similar, but 1 g perlite (<0.53 �m) was
substituted for rock powder. For the micro-growth chamber exper-
iment, perlite (<1 mm  particle size) was  used (Thermo-o-Rock,
West, AZ, USA) and the ratio in RPE was  1:6 (w/w).

2.3. Plant growth conditions and inoculation with endophytic
strains

2.3.1. Experiment in micro-growth chamber
The response of plants grown on RPE was  measured after

inoculation with two  endophytic bacteria and two bacterial con-
trols. Endophytic bacteria P. putida M5TSA and A. vinelandii M2Per
were considered putative PGPB. The positive control PGPB was A.
brasilense Cd and the negative control consisted of plants that were
not inoculated.

The substrate was sterilized by autoclave and asepti-
cally placed in large, sterile, polystyrene square Petri dishes
(24 cm × 24 cm × 18 mm;  #351040, BD Biosciences, San Jose, CA)
that serve as micro-growth chambers for these small seedlings. The
surface of batches of 0.36 g of seeds (∼2300 seeds) was disinfected
through a 5-step procedure: Pre-treatment with 2% Tween-20
for 30 min  with mechanical agitation; 10 rinses with sterile tap
water; surface sterilization with 1.5% (v/v) 6% NaOCl solution with
mechanical agitation for 5 min; 10 rinses with sterile, distilled
water; and immersion for 2–3 s in 100% ethanol. The seeds were
then air-dried under a laminar flow hood. Success of steriliza-
tion procedure was verified by plating rinsing water from the
last rinse on soy trypticase agar (TSA; Difco-BBL, Sparks, MD)  and
incubating the plates for 10 days at 35 ± 1 ◦C. Substrate was irri-
gated with deionized water to saturation and each batch of seeds
was spread directly on the substrate. Petri dishes were partly
sealed with parafilm (to allow gas diffusion) and then incubated
in growth chambers (Conviron 125 and Conviron CMP, Winnipeg,
MB,  Canada) at 25 ± 1 ◦C at 55% relative humidity during a 6:18
day–night photoperiod. In a previous study (Lopez et al., 2011), low
light intensity of 10 ± 2 �mol  m−2 s−1 was sufficient to germinate
seeds and sprout seedlings. Seedlings were inoculated one-month
after germination. Aliquots of 4 mL  (in 0.002 M potassium phos-
phate buffer, PBSK, pH 7.2) of washed bacterial suspension at a
final concentration of 1 × 109 CFU mL−1 were uniformly spread on
the substrate with the seeds. For a negative control, 4 mL  PBSK were
added to the substrate. Sterile water was  aseptically provided every
15 days. The experiment was  carried out in six replicates, where
two Petri dishes served as a replicate and each contained ∼1300
seedlings.

2.3.2. Experiment in the greenhouse
Seeds were surface-sterilized through the 5-step procedure

described in Section 2.3.1. All other materials in this section
were sterilized by autoclave or surface-sterilized by swabbing
or spraying with 70% ethanol. Success of sterilization procedure
was verified, as above, using groups of 100 seeds. Disinfected
seeds were germinated on 1% nutrient agar and incubated in a
growth chamber for 2.5 months (Model 815, Precision Scientific,
Chicago, IL) at 30 ± 0.1 ◦C, 80% relative humidity, 8:16 day–night
photoperiod, 10 ± 1 �mol  m−2 s−1 light intensity. Two-month-old
seedlings without bacterial contamination of the agar were asepti-
cally transferred to small plastic pots containing each of the three
substrates described above. The pots were individually placed into
small sterile units made with clear plastic and domed lids to create
a microenvironment with adequate space for gas diffusion. These
units were created to minimize contamination from external
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bacteria. The plants in these units were grown in greenhouse
under the following conditions: day temperature (25 ± 5 ◦C), night
temperature (17 ± 5 ◦C, 80% relative humidity, 11:13 day–night
photoperiod, 340–370 �mol  photon m−2 s−1 light intensity. After
acclimation for 15 days, each pot was inoculated with 1 mL  bac-
terial suspension in PBSK at a concentration of 1 × 109 CFU mL−1

of one of the following: B. megaterium M1PCa, E. sakazakii M2PFe,
P. putida M5TSA, A. vinelandii M2Per, a consortium of the above
endophytes, or two controls (A. brasilense Cd or Bacillus pumillus
ES4). The negative controls were watered only with sterile, distilled
water. Pots were irrigated every 15 days by adding 7 mL  sterile, dis-
tilled water to substrates RPE and PE (negative control) or an equal
volume of sterile 10% Hoagland’s nutrient solution to the positive
control (PNS). This experiment lasted 8 months. The experiment
was carried out in four replicates where pots (two) serve as a
replicate and each pot contained 20 seedlings. This experiment
also served for measuring biomass, enumerating endophytic
bacteria, and determining the amount of 13 elements in the plants.

2.4. Enumerating culturable endophytic populations within
plants after inoculation

Plants from the greenhouse experiment were aseptically har-
vested 3.5 months after inoculation. A composite sample of five
plants was obtained from each treatment of the seven bacterial
inoculants (including positive controls) and from the three sub-
strates that were assayed (n = 18). Each composite of five plants
was surface-sterilized in a four-step procedure: 35 min  at moder-
ate agitation with 1:1 (v/v) 2% chloramine and 2% Tween-20; five
rinses with sterile, deionized water; immersion in 70% ethanol for
30 s; and a final quick rinse with 10 mL  deionized water. Then, the
plants were placed on sterile filter paper and air-dried for 5 min  in
a laminar hood chamber. Each composite of five plants per treat-
ment were weighed and then macerated in 0.5 mL  PBSK buffer with
a glass pestle with frosted grinding surface. Serial dilutions of the
fresh, macerated material were plated on general purpose trypti-
case soy agar (TSA) or on Rennie N-free (Rennie, 1981) medium only
for plants inoculated with the nitrogen-fixing strain A. vinelandii
M2Per. Plates were incubated at 30 ± 1 ◦C for 48–72 h and then
counted for colony-forming units. Three replicates for each treat-
ment were plated; each replicate consisted of three plates.

2.5. Production of biomass

At 5.5 months after inoculation, all plants were harvested and
counted. The substrate was removed from the roots by gently soak-
ing the plants in sterile deionized water. Dry weight was obtained
by oven-drying (Thelco 31478, GCA Precision Scientific, Chicago, IL,
USA) at 60 ◦C for 5 days. Four replicates represented each treatment
and each replicate consisted of two pots with 11–20 plants per pot.

2.6. Determination of element content of plants

For determining biomass, the dried plants were placed in Eppen-
dorf tubes and then ground to a fine powder using a glass pestle
with frosted grinding surface. Small amounts of powder (∼10 mg)
were glued to specimen mount holders. For X-ray microanalyses,
samples of the powder were observed with a scanning electron
microscope (S-3000N, Hitachi High-Technologies, Tokyo, Japan)
fitted with an X-ray detector (7021 with Inca 2000, Oxford Instru-
ments, Scotts Valley, CA, USA). The working conditions were: 20 kV
of accelerating voltage, 15 mm working distance, 100× magnifi-
cation, and 800 �m × 1200 �m × 3 �m depth for surface analysis.
Quantitative determinations for 13 elements (C, N, Ca, Mg,  K, Na,
P, Fe, Cu, Mn,  Al, Zn, Si) were measured with three iterations per
sample. Data for all elements was normalized by the equipment

and expressed as percentage of weight. Four replicates were used
for the analysis of each substrate.

2.7. Effect of endophytic bacteria on nitrogen content of plants
grown in micro-growth chamber

Nitrogen content was determined using plants harvested 4
months after inoculation. Six samples per treatment were collected
(∼1500 plants per sample). Substrate was removed from the plants
by gently soaking and rinsing with distilled water. Plants were dried
in an oven at 55 ◦C for 75 h (Hafo 1680, Sheldon Manufacturing,
Cornelius, OR, USA). Dried plants were ground to coarse granular
size with a steel micro-spatula and then analyzed for total nitro-
gen content by automatic microKjeldahl (Digestion System 12.1009
and Kjeltec Auto 1030 Analyzer, Tecator, Höganäs, Sweden). Each
sample was  analyzed in triplicate.

2.8. Acid level measurements of plants grown in micro-growth
chamber

At 5.5 months after inoculation, entire plants (∼5 mm  height)
were harvested at 06:00 h and 18:00 h. Six replicates of each treat-
ment were collected; each consisted of plants randomly selected
(∼25 plants per sample). Particles of substrate were carefully
removed from the plant roots with dissecting tweezers. Plants were
first weighed together to reach 0.2 g−1 fresh weight, then placed
in Eppendorf tubes containing 1 mL  60% ethyl alcohol and stored
at −20 ◦C until the assay of acidity. Concentration of total organic
acids was  measured according to Zotz and Andrade (1998),  with
the following modifications: Plants of each sample were macer-
ated by hand with a glass homogenizer (Bellco Glass, Vineland, NJ),
then the homogenate was  brought to a volume of 20 mL  with 60%
ethyl alcohol, filtered by vacuum at 15–20 cm Hg, and boiled for
6 min. When cool, the sample was titrated to an endpoint of pH
7.0 using 0.010 N NaOH. Results of titration were expressed as total
acid concentration in mmol  H+ g−1 fresh weight of plants. Noctur-
nal acid accumulation expressed the nocturnal increase of acidity
(dawn value minus the dusk value) (Nobel and Berry, 1985).

2.9. Sequencing of 16S DNA of culturable bacteria re-isolated
from plants after inoculation

One month after inoculation of seedlings, culturable bacte-
ria were recovered from disinfected plants. Bacterial DNA was
extracted and 16S DNA gene was  amplified with the univer-
sal primers for Eubacteria 27 F and 1495R. The 16S sequencing
was performed using a 3130 genetic analyzer sequencer (Applied
Biosystems-Hitachi, Japan). Details are in supplementary materials.
Identification of the recovered isolates was done by compari-
son with sequences of the original strains previously deposited
in the GenBank database or by best match, using the BLAST tool
(www.ncbi.nlm.nih.gov/Blast.cgi).

2.10. Statistics

The average values of bacterial counts were analyzed as
log10 CFU g−1 dry weight of each replicate. Averaging content of N
and increase of nocturnal acidity were analyzed for each replicate.
The above variables were analyzed by one-way ANOVA, followed
by ad-hoc Tukey–Kramer HSD analysis. Dry weight determina-
tion could not be done on individual small plants because they
weighed a few mg  (dry weight) per plant; therefore, dry weight
was designated as the dry weight of 1000 plants. Data of the rel-
ative abundance of elements was  first arcsine-transformed before
statistical analysis. Dry weight and abundance of elements were
analyzed by two-way ANOVA for overall effect of substrate (source
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of element), inocula and for interactive effects of these two vari-
ables. Further analyses by one-way ANOVA were done for simple
effects of inoculation treatments on the content of elements or dry
biomass. All ANOVA and Tukey–Kramer HSD tests were evaluated
at P < 0.05 using JMP  8.0 statistical software (SAS Institute, 2008).

3. Results

3.1. Populations of endophytic bacteria after inoculation and
identification by 16S DNA

At 3.5 months after inoculation, the level of culturable endo-
phytic bacteria in plants, on a dry weight basis, ranged from
6.37 ± 0 log10 CFU g−1 to 8.66 ± 0.05 log10 CFU g−1 (equivalent to
83.3 × 103 to 16.55 × 106 CFU g−1 fresh weight). Regardless of the
species of bacteria, for plants grown on RPE and PNS, popula-
tions of endophytic bacteria varied and depended on the substrates
(P < 0.05). For all substrates, the highest population was detected in
plants inoculated with P. putida M5TSA (8.66 ± 0.05 log10 CFU g−1

dry weight). This was followed by the treatment of inoculation
with the positive control (A. brasilense Cd) and inoculation with
the consortium of endophytes (Fig. 2A). Contrary to expectations,
culturable endophytic bacteria of untreated plants were high and at
levels (dry weight basis) that ranged from 6.47 ± 0.05 log10 CFU g−1

to 6.93 ± 0.05 log10 CFU g−1. These populations were comparable
to populations in treatments inoculated with endophytic bacteria
B. megaterium M1PCa, E. sakazakii M2PFe, and A. vinelandii M2Per
(Fig. 2A).

In a second experiment after inoculation of seedlings, sub-
sequent plant growth, and recovery of endophytes from plants,
analysis of the 16S DNA of the recovered bacteria confirmed
the presence of the endophytes B. megaterium M1PCa, E. sakaza-
kii M2PFe, and P. putida M5TSA, alone and in the consortium.
The two bacteria used as positive controls, A. brasilense Cd and
B. pumilus ES4, were also detected. In the untreated plants,
only Methylobacterium sp. was recovered, while Achromobac-
ter xyloxidans was detected occasionally in inoculated plants
(Table S1, sequences are provided as supplementary material).

3.2. Biomass

Two-way ANOVA indicated that there was no overall effect of
substrate (F2,69 = 2.77, P > 0.05) or inoculation (F7,69 = 0.98, P > 0.05)
on dry weight of plants; however, the interaction between sub-
strate × inoculation was significant (F14,69 = 2.26, P < 0.01). Since the
performance of the inoculation treatments may  vary depending on
the substrate in which the plants grew, we searched for simple
effects within each substrate. Plants grown on PE, deficient in nutri-
ents, did not respond to the inoculation treatments (F7,22 = 1.29,
P > 0.05, Fig. 2B), while the dry weight of plants grown on RPE, the
native substrate (F7,23 = 2.51, P < 0.04, Fig. 2B) and PNS, substrate
supplemented with nutrients (F7,22 = 3.02, P < 0.02, Fig. 2B) varied
significantly among inoculation treatments. For plants grown on
RPE, the non-inoculated treatment (0.69 ± 0.12 g−1 for 1000 plants,
Fig. 2B) had the lowest dry weight; the highest dry weight was  in
plants inoculated with E. sakazakii M2PFe (1.4 ± 0.14 g−1 for 1000
plants, Fig. 2B). In plants grown on PNS, the dry weight increased
only in the treatment with the endophyte P. putida M5TSA, which
had the highest dry weight among all treatments (1.5 ± 0.13 g−1 for
1000 plants, Fig. 2B).

3.3. Element content of inoculated plants

To determine variations in the amount of elements in young
plants of M.  fraileana growing on their native rhyodacite (RPE)
substrate and inoculated with endophytic bacteria, we used three

substrates: RPE, PE (negative control deficient in nutrients), and
PNS (positive control supplemented with nutrients). The amount
of elements represented their mobilization as a consequence of the
effect of substrate and inoculants. For the average amount of each
element in plants growing in the three substrates, C and N were
the main constituents of plants (∼45% and ∼41%, respectively). In
trailing order, the values were Zn (∼5%), Na (∼3%), Si (∼2%); Ca, K,
and Al varied (∼1%); and P, Mg,  and Fe were all below 0.5%. Cu and
Mn were present in trace amounts (Table 1).

Two-way ANOVA shows the effect by substrate, inoculum, and
the interaction substrate × inoculum on the abundance of elements
in plants (F values at P < 0.05 are in Table 1). The effect of inoculum
was significant for all the elements measured. Most of the elements,
except Zn and P, were affected by the type of substrate. For the
effect of substrate × inoculum, only C, Mg,  and Fe were not influ-
enced by this interaction (Table 1). General trends in the abundance
of elements in the three substrates could not be defined; however,
an overall effect of inoculum, mainly by endophytes, was detected
(Table 2). Higher amounts of Al, K, Mg,  and Si where found in plants
inoculated with P. putida M5TSA. A. vinelandii M2Per led to high
contents of C and Fe in plants, whereas the highest contents of
Ca and P where measured in plants inoculated with B. megaterium
M1PCa or P. putida M5TSA. Only N increased by inoculation with
the positive control B. pumilus ES4. Untreated plants had higher
amounts of Zn (Table 2).

Since we  intended to determine variations in the amount of
elements in plants growing on the native substrate of M.  fraileana
(rhyodacite; RPE), we analyzed the effect of inoculation on plants
growing on RPE and considered the two control substrates as ref-
erences. In general, the effect of inoculation on the content of Mg,
Ca, N, Na, and P in plants grown in RPE was similar to the overall
pattern in the three substrates (Table 2, Fig. 3).

In plants grown in RPE, most of the inoculation treatments
increased the content of C and only plants inoculated with B.
megaterium M1PCa had lower amounts of C (Fig. 3A). For Fe, no dif-
ferences among inoculation treatments were found in plants grown
in RPE (Fig. 3B). Similar to plants grown in PNS, plants grown in
RPE and inoculated with P. putida M5TSA contained the most Mg
(Fig. 3C).

In plants inoculated with B. megaterium M1PCa, high levels of
N were detected. The lowest level of N occurred in plants inoc-
ulated with A. vinelandii M2Per, whereas the highest values of N
were detected in plants inoculated with the positive control, B.
pumilus ES4, and grown on the poorest substrate PE (Fig. 3D). For P,
plants grown on RPE and inoculated with B. megaterium M1PCa had
the highest amount of P. The lowest P was found in plants inocu-
lated with A. vinelandii M2Per. Higher values occurred in plants
grown on RPE, compared to PNS (Fig. 3E). Similarly, Zn was higher
in plants inoculated with B. megaterium M1PCa and lowest in the
positive control B. pumilus ES4. The highest values of Zn occurred
in plants inoculated with A. vinelandii M2Per and non-inoculated
plants growing on PNS (Fig. 3F). For Al, high levels occurred in plants
inoculated with B. megaterium M1PCa, comparable only with those
plants grown on PNS and inoculated with P. putida M5TSA. The
lowest level of Al occurred in plants inoculated with the positive
control B. pumilus ES4 and grown on PE (Fig. 3G). The highest level
of Na occurred in plants inoculated with B. megaterium M1PCa and
grown on RPE and the lowest level occurred in plants inoculated
with A. vinelandii M2Per (Fig. 3H). B. megaterium M1PCa led to more
Ca in plants grown on RPE, which was similar to plants in the PNS.
The lowest level of Ca occurred in plants inoculated with the posi-
tive control B. pumillus ES4 and grown on the poorest substrate PE
(Fig. 3I). For Si, there was a marked effect of A. vinelandii M2Per in
plants grown in RPE; however, the highest value occurred in plants
inoculated with P. putida M5TSA growing on PNS (Fig. 3J). Lastly,
the level of K in RPE was  similar among the different treatments
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Fig. 2. (A) Populations of recovered endophytic bacteria from inoculated plants and (B) dry biomass of Mammillaria fraileana inoculated with endophytes and grown on
different substrates. (A) Data was analyzed by one-way ANOVA (P < 0.001) and means comparison of log10 CFU g−1 per dry weight of plants by the Tukey–Kramer HSD at
P  < 0.05. Comparisons among bacterial inoculations of each substrate are among letters of the same type (compare data denoted with capital, lower case and underlined
letters,  separately). Bars represent SE. The absence of a bar indicates a negligible SE. CFU in plants that were not inoculated indicates natural populations of endophytic
bacteria. (B) Different letters within each substrate indicate significant differences at P < 0.05. Bars represent SE. *No significant effect of inoculation on biomass of plants.
Controls: (−) not inoculated = negative control, (+) positive control = plant growth-promoting bacteria.

with bacteria, and their level in plants was generally lower than
those detected in PNS or PE (Fig. 3K). In general, the effect of the
consortium of endophytes and Enterobacter zakazakii M2PFe was
at intermediate levels among all inoculation treatments (Table 2,
Fig. 3). No perceptible signs of toxicity were observed in plants with
increased levels of the elements measured.

3.4. Effect of endophytic bacteria on the nitrogen content of
plants and nocturnal acid accumulation

Total N in plants grown on RPE varied among inocula (F3,20 = 3.6,
P < 0.01, n = 24). The effect of two  putative PGPB endophytic bac-
teria isolated from M. fraileana differed significantly (P < 0.05).
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Table 1
Values of two-way ANOVA analyzing the effect of inoculation and substrates on the abundance of elements in Mammillaria fraileana cacti.

Element Relative abundancea (%) F values

Substrateb (d.f. 2, 72) Inoculumc (d.f. 7, 72) Substrate × inoculum (d.f. 14, 72)

C 45.64 ± 0.54 3.09* 2.4* 1.47 NS
N  40.73 ± 0.37 3.29* 31.87*** 14.82***

Zn 4.86 ± 0.18 0.77 NS 12.79*** 7.89***

Na 3.02 ± 0.09 10.72*** 19.27*** 3.59**

Si 2.42 ± 0.18 7.34** 19.13*** 4.03***

Ca 1.05 ± 0.04 15.46*** 9.54*** 7.50***

K 1.05 ± 0.08 38.17*** 10.78*** 3.02***

Al 0.96 ± 0.04 9.62*** 7.14*** 4.19***

P 0.42 ± 0.02 1.49 NS 5.48*** 3.21***

Mg 0.34 ± 0.02 8.28*** 9.16*** 1.48 NS
Fe 0.11 ± 0.01 13.24*** 2.63* 1.51 NS
Cu  Trace
Mn Trace

Two-way ANOVA after arcsin transformation of relative abundance of elements obtained by X-ray analysis.
a Values of relative abundance of elements, non-transformed ± SE.
b Substrates: rhyodacite + perlite (RPE); perlite supplemented with Hoagland’s nutrient solution (PNS); and perlite alone (PE).
c Inocula: 5 treatments with endophytic bacteria isolated from roots of M. fraileana, two positive bacterial controls, and non-inoculated negative control.
* P < 0.05.

** P < 0.001.
*** P < 0.0001.

NS = not significant.

Table 2
Means comparisons for the overall effect of inoculation of endophytes on the abundance of 11 elements in plants of Mammillaria fraileana grown in three substrates.

Inoculation treatment Al C Ca Fe K Mg N Na P Si Zn

Bacillus megaterium M1PCa ab c a ab b ab bc a a bc ab
Enterobacter sakazakii M2PFe bc ab ab b cd cd b cd abc d cd
Pseudomonas putida M5TSA a bc a ab a a de ab a a de
Azotobacter vinelandii M2Per ab a bc a bc d e d c ab abc
Consortium of endophytes bc ab bc ab bcd bcd bc bc ab cd abc

Controlsa

(−) Not inoculated bc a bc ab bcd bcd cde cd abc cd a
(+)  Azospirillum brasilense cd ab a bc ab ab abc cd cd abc ab cde
(+)  Bacillus pumilus ES4 c ab c ab d bcd a cd bc d e

Substrates: rhyodacite + perlite (RPE); perlite supplemented with Hoagland’s nutrient solution (PNS); and perlite alone (PE).
Two-way ANOVA after arcsin transformation of relative abundance of elements and means comparison by Tukey–Kramer HSD (P < 0.05). Different lower case letters within
each  element indicate differences among inoculation treatments.

a Controls: (−) not inoculated = negative control, (+) positive control = plant growth-promoting bacteria.

Plants inoculated with P. putida M5TSA had the highest content
of N, whereas plants inoculated with the nitrogen-fixing strain A.
vinelandii M2Per and the positive control PGPB (the diazotroph A.
brasilense Cd.) had lower levels of N, but were not significantly
higher than what occurred in plants that were not inoculated
(Fig. 4A).

All inoculated plants showed an increase in nocturnal acid,
which indicated carbon dioxide uptake by CAM-type photo-
synthesis. Accumulation of nocturnal acid in plants differed
among inoculated bacterial species (F3,20 = 6.27, P < 0.004). Plants
inoculated with P. putida M5TSA or A. vinelandii M2Per con-
tained more acid. Intermediate levels of acid were found in
plants inoculated with the positive control A. brasilense Cd; the
plants that were not inoculated had the lowest increase in acid
(Fig. 4B).

4. Discussion

Exploring the role of endophytic bacteria in plants, especially
those that are also PGPB, is gaining interest in commercial appli-
cations, such as crop production, phytoremediation, reforestation,
and medicine (Hung et al., 2007; Puente et al., 2009b; Strobel,
2007). Although wild plants are presumed to harbor unique
populations of endophytic PGPB (Hung et al., 2007; Puente et al.,
2009a), there are only a handful of studies linking the association

of plants and endophytic bacteria in nutrient-poor environments
(Dalton et al., 2004; Doty et al., 2009; Puente et al., 2009a,b). We
intended to elucidate if several parameters of plant growth were
affected by inoculation with native, culturable bacterial endo-
phytes of M.  fraileana, a pioneer cactus growing on volcanic rock.
This study demonstrated that, when taken as a whole, inoculation
significantly influenced plant growth by increasing (1) biomass,
(2) total nitrogen content, (3), mobilization of elements into the
plant, and (4) photosynthetic activity.

4.1. Biomass

Despite the characteristically slow growth of cacti and particu-
larly the genus Mammillaria (Rojas-Arechiga and Vazquez-Yanes,
2000), there was a noticeable effect of inoculating plants with
endophytic bacteria. Complementary to our findings, Puente et al.
(2009a) found that inoculation with other endophytic bacteria
enhanced dry weight, volume, root length, and height of seedlings
of the giant cardon cactus P. pringlei and suggested that these bac-
teria are essential for development of this plant species in rocky
habitats. We  found that one endophyte, P. putida M5TSA, was
related to higher biomass in the substrate supplemented with a
nutrient solution, while another endophyte E. sakazakii M2PFe was
associated with plants growing on rhyodacite, the volcanic rock
where M. fraileana grows abundantly (Lopez et al., 2009). Hence, it is
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Fig. 3. Effects of inoculation with endophytic bacteria and substrates (three growth substrates) on the abundance of (A) carbon, (B) iron, (C) magnesium, (D) nitrogen, (E)
phosphorus, (F) zinc, (G) aluminium, (H) sodium, (I) calcium, (J) silicon, and (K) potassium in the cactus Mammillaria fraileana. Substrates: RPE, rhyodacite + perlite; PNS, perlite
supplemented with Hoagland’s nutrient solution; and PE, perlite alone. Means for RPE with different lower case letter differ significantly at P < 0.05 by the Tukey–Kramer HSD
test.  Bars represent SE, the absence of a bar indicates a negligible SE. Controls: (−) not inoculated = negative control, (+) positive control = plant growth-promoting bacteria.

likely that rocks, particularly their chemical composition, favor par-
ticipation of some endophytes over others. The marked effect of the
E. sakazakii strain might explain its traits that are potentially ben-
eficial to plant growth, such as solubilization of phosphate (Lopez
et al., 2011; Schmid et al., 2009) and production of siderophores
and indole-3-acetic acid in several strains of this species (Schmid
et al., 2009).

4.2. Mobilization of elements

M. fraileana responded to inoculation with endophytic bacteria
mainly by increasing concentrations of elements. Mobilization of
elements from rocks to plants may  occur by solubilizing activity
of various functional types of bacteria (both rhizoplane and endo-
phytic dwellers) that colonize cactus roots and by organic acids
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Fig. 4. Effect of inoculation with endophytic bacteria on (A) nitrogen content and
(B)  photosynthetic activity (increase in nocturnal acidity) in the cactus Mammil-
laria fraileana grown on RPE substrate prepared from ground rhyodacite rocks and
perlite. Different lowercase letters, in each subfigure separately, differ significantly
at P < 0.05 by the Tukey–Kramer HSD test. Bars represent SE. Controls: (−) not
inoculated plants = negative control, (+) positive control = plant growth-promoting
bacteria.

contained in root exudates (Carrillo et al., 2002; Lynch and Whipps,
1990; Puente et al., 2004a,b, 2009a). Roots and root-associated bac-
teria induce physicochemical changes in the rhizosphere, which
influences mineral uptake and rock weathering (Calvaruso et al.,
2006; Hinsinger, 1998). Endophytes may  also affect mineral uptake
indirectly through chemical signals sent to the roots to produce
chemical modifications of the rhizosphere or changes in source-
sink dynamics in the plant (Malinowski et al., 2000).

Our data indicated that levels of elements in plants vary across
combinations of substrates and inoculants. This strongly indicates
that mobilization of elements is not a straightforward and sim-
ple phenomenon, but a complex process that depends on chemical
composition of rocks, binding strength of elements in the miner-
als, and relative proportion of elements. However, further analyses
of these abiotic parameters in conjunction with the biotic part of
plant and bacteria are merited and still pending. Similar results for
the endophytic fungi Neotyphodium coenophialum was reported by
Malinowski et al. (2000),  where mineral uptake in tall fescue grass
was influenced by availability of phosphorus in the nutrient solu-
tion. In our study, high availability of nutrients in the substrate
supplemented with nutrient solution seemed to intensify the effect
of P. putida M5TSA in mobilizing minerals.

In the substrate containing rhyodacite, representative of the
indigenous habitat of M.  fraileana, mobilization was  partly influ-
enced by the abundance of elements in the rock minerals, which are

rich in Si, Al, Fe, Ca, and Na, but low in P and N (Lopez et al., 2009)
and strongly influenced by inoculation of B. megaterium M1PCa
and A. vinelandii M2Per. These two strains have traits for weath-
ering of rhyodacite in vitro (Lopez et al., 2011). However, in nature,
even when Ca was not abundant in the soil, some cacti of the
genus Cephalocereus contained calcium oxalate crystals (CaC2O4;
raphides) that also contain other elements, such as Si, Mg,  Na, K,
Cl, and Fe (Bárcenas-Argüello et al., 2010). Accumulation of Si, Na,
and Al does not appear to have a negative effect on plants because
cacti are tolerant of potentially stressful levels of elements that
are often toxic to other plants (Nobel, 1998). Our  results indicate
that participation of certain combinations of endophytes involved
in mobilizing elements is determined by the composition of the
substrate. Variation in response to mineral status in endophyte-
colonized plants may  also aid survival of plants under a wide range
of environmental conditions (Malinowski et al., 2000).

4.3. Photosynthetic activity and nitrogen content in plants

Among adaptations of cacti to arid environments, crassulacean
acid metabolism (CAM) is a physiological adaptation that increases
efficiency of water use because the stomata open only at night when
CO2 is fixed and air temperatures are lower, relative humidity is
higher, and evaporation is lower (Lüttge, 2004). CO2 is incorporated
into phosphenolpyruvate, leading to formation of four-carbon
organic acids that are stored in the vacuoles of chlorenchyma
cells (Kluge and Ting, 1978). Accumulation of nocturnal acid, the
outcome of CAM, is affected by temperature and light inten-
sity (Hernandez-Gonzalez and Briones, 2007; Nobel and Hartsock,
1983) and plant water status (Dodd et al., 2002). There is no previ-
ous mention of changes occurring in this photosynthesis pathway
in cacti-microbe interactions. In this study, 6.5-month-old (∼5 mm
high) plants, whether inoculated or not, showed fluctuation in the
content of organic acids with significant increases during the night
(dawn measurement) and decreases during the day (dusk measure-
ment) (Lüttge, 2004); hence, inoculation with endophytic bacteria
enhanced fixation of CO2 by the CAM pathway of photosynthe-
sis by an unknown mechanism. Support for the claim of potential
effects of PGPB on photosynthesis is that inoculation with the PGPB
A. brasilense (a putative endophyte, serving as a positive control in
this study) enhanced accumulation of all major and auxiliary photo-
protective phostosynthetic pigments of wheat plants (Bashan et al.,
2006a) and enhanced common photosynthesis (via the C3 pathway)
(Tsimilli-Michael et al., 2000).

Photosynthetic capacity is strongly correlated with the amount
of nitrogen in photosynthetic organs because a large part of the
nitrogen in a plant is invested in the photosynthetic apparatus
(Field and Mooney, 1986; Yasumura et al., 2006). In our study, the
higher content of nitrogen induced by endophytes, was accompa-
nied by higher photosynthetic activity. The effect of the diazotroph
A. vinelandii M2Per on nitrogen content suggests the contribution of
nitrogen to the plant through nitrogen fixation. High levels of nitro-
gen fixation by other endophytic diazotrophic bacteria enhanced
growth of the giant cardon cactus P. pringlei (Puente et al., 2009a,b).
The relevance of nitrogen fixation for rock-colonizing plants is con-
siderable because there is no biological nitrogen fixation in rocks
without vegetation (Puente et al., 2009b).  Therefore, diazotrophic
endophytic bacteria play an essential role for pioneer plants on
rocky substrates containing practically no organic material (Doty
et al., 2009; Puente et al., 2009a,b).

The high nitrogen content in plants inoculated with the endo-
phyte P. putida M5TSA might be explained by mechanisms other
than nitrogen fixation, since this is not a diazotrophic species (Lopez
et al., 2011). Many non-diazotrophic PGPB enhance nitrogen uptake
by plant roots (Bashan and de-Bashan, 2005). Nonetheless, the
source of nitrogen in M. fraileana growing on rhyodacite can only
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be guessed because the rocks do not contain bound nitrogen (Lopez
et al., 2009). On the other hand, the PGPB, P. putida,  has the capacity
to synthesize siderophores and thereby provide iron for the plant
(Caron et al., 1995), can lower growth-inhibiting levels of ethylene
in plant tissues (Glick et al., 1998), and can secrete indole-3-acetic
acid (Patten and Glick, 2002).

4.4. Detection and populations of endophytic bacteria

All strains that were inoculated were detected by re-isolation
and sequencing of the 16S DNA of these strains. These results were
supported by parallel experiments that tested re-colonization by
P. putida M5TSA, E. sakazakii M2PFe, and B. megaterium M1PCa
of roots of M.  fraileana (Lopez et al., 2011). Plants that were
surface-sterilized were inoculated and later analyzed by histologi-
cal methods by specific detection using immuno-localization of the
original inoculum. The three isolates successfully penetrated the
plants and became established as endophytes. Re-colonization by
the three isolates occurred predominantly at the base of the main
root, decreasing toward above-ground tissues and toward root tips
(Lopez et al., 2011).

In this study, 3.5 months after inoculation, we recovered endo-
phytes in M.  fraileana the resemble levels of endophytic populations
(3–6 log10 CFU g−1 fresh weight) of indigenous and introduced
bacteria, where variations are attributed to plant source, plant
age, tissue type, capacity of colonization, and the environment
(Kobayashi and Palumbo, 2000; Zinniel et al., 2002). Because
our previous study detected many unculturable bacteria in seeds
and plants (Lopez et al., 2011) and the current study inoculated
seedlings only with culturable strains, we suggest that the net effect
of inoculation, in terms of growth promotion and mineral mobi-
lization, represents only part of the observed effect. Consistently
high populations of bacteria in plants inoculated with P. putida
M5TSA and grown on different substrates reflect the general ability
of Pseudomonas sp. to establish high densities in the rhizosphere
and colonize plants internally (Elvira-Recuenco and van Vuurde,
2000).

Even though plants that were not inoculated had exhibited
culturable endophytic bacteria, their populations were lower, com-
pared to inoculated plants. Detection of Methylobacterium sp.  in
untreated plants was an unexpected finding because: (1) No cul-
turable bacteria were detected in seeds and seedlings before
inoculation (Lopez et al., 2011) and (2) Pots with plants were main-
tained aseptically during the greenhouse experiment. Explanations
might be that endophytic populations in seeds and seedlings were
either at undetectable levels or in a physiological state that ren-
der them unculturable (Hallmann et al., 1997); once the plant
developed, the bacteria become culturable. On the other hand, the
presence of Achromobacter xylosoxidans in inoculated plants might
be related to the induction phenomenon of no culturable endo-
phytes by the inoculation with other bacterium (Podolich et al.,
2009).

In conclusion, this study provides experimental evidence for
improving growth of the cactus M.  fraileana by mobilizing elements
from rock and increasing photosynthetic activity, nitrogen content,
and biomass by inoculation with native endophytic bacteria. Taken
together with the studies of endophytic PGPB from another cac-
tus, the giant cardon (Puente et al., 2009a,b), it appears that the
relation between endophytes and desert plants is more common in
deserts than was expected. The objective of this line of research is
to show that the interaction of pioneering cacti with their bacterial
endophytes may  give cacti an ecological advantage on barren rock
surfaces and enable cacti to grow in places where plants normally
cannot grow. Through colonization and establishment of pioneer
plants, and perhaps with help of rhizoplane and endophytic bac-
teria capable of weathering rocks (Lopez et al., 2011; Puente et al.,

2004a, 2009a),  soil is created, which then facilitates colonization by
other desert plants and contributes to plant diversity in dry regions.
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