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Abstract Certain H2-oxidizing rhizobacteria promote the

growth of legume plants nodulated with rhizobia devoid of

an uptake hydrogenase system (Hup-). We demonstrated

and assessed the plant growth-promoting ability of H2-

oxidizing rhizobacteria naturally associating with lentil

roots nodulated by rhizobia possessing an uptake hydro-

genase system (Hup? lentil) in semiarid Canada. The ten

H2-oxidizing rhizobacteria isolated were strains of Vari-

ovorax paradoxus, Variovorax sp., Rhodococcus sp.,

Mycobacterium sp., Acinetobacter sp., Acinetobacter cal-

coaceticus, and Curtobacterium sp. Several of these strains

increased Hup? lentil shoot and root biomasses, and root

nodule number in the absence or presence of drought stress.

Inoculation with H2-oxidizing rhizobacteria enhanced the

growth of Hup? lentil infected by the fungal root patho-

gens Fusarium avenaceum, Rhizoctonia solani, and

Pythium ultimum. Fusarium avenaceum growth was

markedly suppressed by all H2-oxidizing rhizobacteria

in vitro, and seven isolates also suppressed the growth of

both R. solani and P. ultimum. Siderophore production was

detected in nine isolates and one isolate could solubilize

phosphate. Indole-3-acetic acid production was found in

four isolates, and 1-aminocyclopropane-1-carboxylate

deaminase activity in six isolates. Most H2-oxidizing rhi-

zobacterial isolates exhibited multiple plant growth-pro-

moting attributes and all isolates exhibited at least one. Our

results suggest that the H2-oxidizing rhizobacteria naturally

associating with lentil roots in semiarid Canada are bene-

ficial in an Hup? environment.
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Introduction

The rhizobacteria benefiting plant growth are called plant

growth-promoting rhizobacteria (PGPR) (Nelson 2004;

Glick and others 2007; Belimov and others 2009). The

beneficial effects of PGPR have been attributed to a variety

of mechanisms. Some PGPR can solubilize phosphate from

organic or inorganic compounds, thereby facilitating

phosphate uptake and promoting plant growth (Vassilev

and others 2006). Bacterial siderophores in the soil enhance

iron uptake by plants and improve plant growth in iron-

depleted soils (Vansuyt and others 2007). Bacterial side-

rophores can also act as inducers of plant disease resistance

and thus have biocontrol potential (Glick and others 2007;

Gan and others 2011). Some bacteria, called phytostimu-

lators, produce substances such as the hormone indole-3-

acetic acid (IAA), gibberellins, cytokinins, and the enzyme

1-aminocyclopropane-1-carboxylate (ACC) deaminase that

stimulate the growth of plants (Nelson 2004).
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Certain rhizobacteria can reduce the level of stress

ethylene in plants by metabolizing its precursor with ACC

deaminase, thus promoting root growth (Vanderhoef and

Dute 1981; Belimov and others 2009; Laslo and others

2012). The suppression of stress ethylene can promote

nodulation in legumes (Hunter 1993; Nascimento and oth-

ers 2012) and protect plant productivity against drought

stress (Arshad and others 2007; Belimov and others 2009).

Abiotic and biotic stresses limit the growth and productivity

of crops, particularly in arid and semiarid areas (Kramer and

Boyer 1995). Several studies have reported that certain

rhizosphere bacteria elicit tolerance to abiotic stresses such

as drought and soil salinity (Zahir and others 2009; Shahzad

and others 2010; Erskine and others 2011) and biotic

stresses such as root rot diseases (Dworkin and Foster 1958;

Figueiredo and others 2008; Gan and others 2011; Yang and

others 2012; Zafar and others 2012). Recent research has

shown the beneficial effects of co-inoculation with Rhizo-

bium and PGPR on legume crop growth and nodulation

(Banchio and others 2008; Iqbal and others 2012).

N2-fixing root nodules produce hydrogen (H2) gas that

diffuses into soil. The exposure of soil to H2 gas from

nodules was shown to stimulate H2-oxidizing rhizobacteria

(Dong and Layzell 2001, 2002; Dong and others 2003;

Maimaiti and others 2007) due to their ability to use H2 as

an energy source (Zhang 2006; Annan and others 2012),

and the growth-promoting effect of certain H2-oxidizing

rhizobacteria associated with N2-fixing soybean (Glycine

max) was presented as a natural mechanism offsetting the

inefficiency of nitrogenase (Maimaiti and others 2007).

This research highlighted the plant growth-promoting

(PGP) potential of H2-oxidizing rhizobacteria (Dong and

others 2003; Irvine and others 2004) in crop production.

Hydrogen evolution may benefit plants in stimulating

H2-oxidizing PGPR in soil, but has a very high energetic

cost to the plant. Over half the electrons allocated to

nitrogenase by N2-fixing plants can be lost to H2 gas

evolution (Simpson and Burris 1985). The amount of H2

released by N2-fixing nodules varies greatly as certain

strains have an uptake hydrogenase system that improves

their efficiency by recycling within the cell the H2 pro-

duced in the process of N2 fixation. Hydrogenase is rare in

Rhizobium leguminosarum, the symbiont of lentil, but it

exists, and the gain in N2 fixation efficiency provided by

uptake hydrogenase explains why the strains selected by

the industry of inoculants are ‘Hup?’ strains, that is, they

possess an uptake hydrogenase system (Fernández and

others 2005).

Recent research showed that the presence of H2 gas may

be unessential for effective plant growth promotion by H2-

oxidizing rhizobacteria. Inoculation with H2-oxidizing

PGPR under controlled conditions produced the same level

of soybean growth promotion in the presence or absence of

H2 gas (Sakunpon and others 2014). This result is inter-

esting because commercially available inoculants contain

the energy-efficient Hup? strains (Fernández and others

2005). Thus, using PGPR that are highly effective in the

absence of a source of H2 gas appears to be a most inter-

esting option for legume growth promotion. However, the

plant growth-promoting ability of H2-oxidizing rhizobac-

teria in an Hup? environment should first be tested.

Plant growth-promoting H2-oxidizing rhizobacteria are

found in the rhizosphere of field-grown legumes, at least in

Canada, suggesting their adaptation to life in the legume

rhizosphere (Yang 2012). The selection of highly effective

PGPR among these adapted rhizobacteria and the use of

superior strains in combination with energy-efficient Hup?

rhizobial inoculants may benefit lentil production.

We isolated H2-oxidizing rhizobacteria from the rhizo-

sphere of field-grown lentil and tested under controlled

conditions the hypothesis that they promote the growth of

lentil plants nodulated with commercial Hup? rhizobial

inoculants. This research is the first to examine the effect of

H2-oxidizing rhizobacteria on lentil. Certain H2-oxidizing

rhizobacteria were shown to promote the growth of N2-

fixing soybean (Glycine max) (Dong and others 2003;

Irvine and others 2004) and alfalfa (Medicago sativa L.)

(Dean and others 2006), but no such research has been

reported for other legumes.

Lentil is an important food legume and Canada is the

world’s largest lentil producer (Canadian Agri-Food Trade

Alliance 2016). Here we show the beneficial effects of H2-

oxidizing rhizobacteria naturally associating with lentil

roots on the productivity and nodulation of Hup? lentil

plants grown under optimal, drought stress, and biotic

stress conditions. We report that all the H2-oxidizing rhi-

zobacteria we isolated from field-grown lentil have the

potential to promote lentil growth in an Hup? environment

and that most of them have multiple modes of plant growth

promotion.

Materials and Methods

Isolation, Selection, and Identification of H2-

Oxidizing Rhizobacteria

A total of 14 lentil cultivars were grown in field plots in

Swift Current, Saskatchewan (50�8170N, 107�8410W;

elevation 825 m), in the middle of the Canadian lentil-

producing area. Rhizosphere soil, defined as the soil

adhering to roots, was collected by careful brushing from

nodulated lentil plants. These lentil plants were inoculated

at seeding with a commercial strain of R. leguminosarum

(Nitragin-C powder, Novozymes, Bagsvaerd, Denmark).

The methylene blue reduction assay (Lambert and others
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1985) confirmed the presence of an uptake hydrogenase

system in that strain, thus its Hup? status.

All soil samples were pooled together, mixed well to

yield one soil sample, and kept in a sealed plastic bag at

-20 �C for further analysis.

The isolation procedure used in this study followed the

protocol of Maimaiti and others (2007). The rhizosphere

soil sample was incubated for a month in air containing

0.3% H2 gas, and then the soil was serially diluted (10-3 to

10-10) with sterile distilled water. Then, 100-lL aliquots

from the dilutions were pipetted and spread onto mineral

salt agar (MSA) in Petri plates (Schlegel and Meyer 1985;

Maimaiti and others 2007) and incubated under H2-en-

riched air (0.3% H2) for 3 weeks.

All bacterial isolates were recovered from the plates and

tested for hydrogen-oxidizing ability. The 24 isolates that

grew on the MSA were transferred onto 5-mL MSA slants

in sealed tubes exposed to the same H2-enriched air as

described above. A similar but uninoculated MSA slant

was used as a negative control. The isolates and negative

control were prepared in triplicate. After three weeks of

growth, all tubes were flushed with H2-enriched air and

sealed with gas-tight caps to create a closed environment.

After 2 days, a 100-lL gas sample was taken from each

test tube for H2 concentration determination (Qubit Flow

Gas Exchange System, Kingston, ON, Canada).

The rhizobacterial isolates oxidizing H2 were further

characterized. They were identified by comparison of their

16S rRNA gene sequence with known sequences in Gen-

Bank (Maimaiti and others 2007). DNA was extracted from

individual bacterial colonies from each Petri plate using the

DNeasy Plant Mini Kit (Qiagen, Toronto, ON, Canada) as

per the manufacturer’s protocol. The extracted DNA was

diluted tenfold and subjected to polymerase chain reaction

(PCR) using primers 968f/1401br (Watanabe and others

2001). Platinum PCR Super Mix (Cat. No. 11306-016;

Invitrogen life technologies, Carlsbad, CA, USA) was used

in the PCR reaction mixture. Thermal cycling was con-

ducted in a Veriti 96-Well Fast Thermal Cycler (Applied

Biosystems, Carlsbad, CA, USA) under the following

conditions: 4 min of initial denaturation at 94 �C; 30 cy-

cles of 45 s of denaturation at 94 �C, 45 s of annealing at

56 �C, and 1 min of elongation at 72 �C; and 15 min of

final elongation at 72 �C.
All PCR products were purified with AMPure XP

(Beckman Coulter, Brea, CA, USA). The concentration of

the purified PCR products was measured with a Qubit 2.0

fluorometer (Invitrogen life technologies, Carlsbad CA,

USA). The DNA concentration of each sample was

adjusted to 10 ng lL-1 and sent for Sanger sequencing at

the Plant Biotechnology Institute (Saskatoon, SK, Canada).

The sequences obtained were queried for similarities with

known sequences in GenBank using the BLAST search

tool at NCBI (http://www.ncbi.nlm.nih.gov/). Identification

was based on 97–99% sequence similarity (Kim and others

2002; Xiang and others 2005; Satola and others 2012).

Assessment of Plant Growth-Promoting Effects

The plant growth-promoting effects of the H2-oxidizing

rhizobacteria were tested in the greenhouse facility at

Agriculture and Agri-Food Canada’s Semiarid Prairie

Agricultural Research Centre, in Swift Current, Saskatch-

ewan, Canada. The experiment had 11 treatments, namely

the ten bacterial isolates and the sterile mineral salt solu-

tion as the control, in a randomized complete block design

with four blocks.

Pre-germinated seeds of the lentil (Lens culinaris) cul-

tivar CDC Maxim were inoculated with bacterial treat-

ments (Belimov and others 2001; Maimaiti and others

2007) as follows: The bacterial colonies were grown in

30% nutrient broth (Becton, Dickinson, USA) at 28 �C,
suspended in 50% sterile MSA medium, and grown over-

night on an orbital shaker at 100 rpm. The concentration of

the bacterial solution was adjusted to 5 9 107 cells mL-1

(Maimaiti and others 2007). The seeds were surface-ster-

ilized with a mixture of 70% ethanol and 30% hydrogen

peroxide for 2 min and rinsed several times with sterile

distilled water. The seeds were pre-germinated on a moist

filter paper in a Petri plate overnight at 24 �C in the dark.

Seeds at the same germination stage were transferred into

Petri plates lined with sterile filter paper. Five Petri plates

with ten seeds each were prepared for each treatment.

Then, 6 mL of bacterial suspension was added to each Petri

plate. All dishes were covered and incubated at 24 �C in

the dark for 2 days. Inoculated seeds at the same stage of

germination were selected and transferred to 1-L pots filled

with 900 mL packed pasteurized field soil. The soil had a

silt loam texture, a pH of 6.5, an electrical conductivity of

1.41 mS, and contained 2.8 mg kg-1 of available N and

15.67 mg kg-1 of available P. Seeds pre-germinated in

sterile MS solution were used as the control. About 0.05 g

of Nodulator self-adhering peat-based inoculant for pea

and lentil (Becker Underwood, Saskatoon, SK, Canada),

containing a minimum of 1 9 109 viable bacterial cells of

R. leguminosarum per gram, was applied as a root dip to

the seeds when they were transplanted into each pot. The

Hup? status of the R. leguminosarum strain was confirmed

by the methylene blue reduction assay (Lambert and others

1985). Three seedlings were placed in holes prepared in

soil-filled pots and covered with 3 cm of soil. After

emergence, the plants were thinned to one per pot.

The pots were kept in the greenhouse under optimal

conditions, that is, a day/night temperature regime of

22/15 �C, a light/dark photoperiod of 15/9 h, and a relative

humidity of 75%. The plants were observed daily and
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watered as needed. The pots were re-randomized within

blocks weekly to ensure that every plant had an equal

chance to be in any location in its block, thus minimizing

any border effect that may have existed otherwise. After

six weeks of growth, plant shoots and roots were harvested

and dried separately in open paper bags at 40 �C in a

forced-air dryer and the dry biomasses were recorded.

Characterization of Plant Growth-Promoting Traits

We tested the ten H2-oxidizing rhizobacteria indirectly for

phosphate-solubilizing capacity, siderophore production,

IAA production, ACC deaminase activity, and antagonistic

activity using the methods described by other researchers

(Patten and Glick 2002; Hynes and others 2008). Strain

2-106, which solubilizes phosphate and produces side-

rophores, strain 5-51, which produces IAA, and strain 6-8,

which produces ACC deaminase (Hynes and others 2008),

were used as positive controls in the assays. These strains

were kindly provided by Prof. Louise Nelson of the

University of British Columbia (Kelowna, BC, Canada).

We also tested the PGP ability of the ten H2-oxidizing

rhizobacteria directly, using biomass productivity, bio-

control activity, enhancement of nodulation, and protection

against nodule shedding under drought conditions, as per-

formance indicators.

All assays had complete randomized designs. Six repe-

titions were used except when otherwise stated.

Screening for Phosphate-Solubilizing Capacity

The phosphate-solubilizing ability of the ten H2-oxidizing

rhizobacterial isolates was assessed visually on K2HPO4-

amended glucose-yeast (GY) agar medium in Petri plates.

Two sterilized solutions, one containing 5 g of K2HPO4

in 50 mL of distilled water and the other containing 10 g of

CaCl2 in 100 mL of distilled water, were added aseptically

to 1 L of GY medium (10 g of glucose, 2 g of yeast

extract, and 15 g of agar per liter) just before the medium

was poured into Petri plates, to form an insoluble layer of

calcium phosphate that made the medium opaque (Giongo

and others 2013). The plates were inoculated with one of

the ten H2-oxidizing PGPR isolates or with the phosphate-

solubilizing strain 2-106, which was used as a positive

control for comparison. The Petri plates were incubated for

5 days at 24 �C.
A zone of clearing around the bacterial colony indicated

phosphate solubilization. The Petri plates were scanned,

and the area (mm2) of the clear zone around the colonies

was recorded using the ImageJ software (http://rsbweb.nih.

gov/ij/) (Nguyen and others 1992).

Screening for Siderophore Production

We used the universal siderophore assay with chrome

azurol S (CAS) and hexadecyltrimethylammonium bro-

mide (HDTMA) as indicators (Schwyn and Neilands 1987)

to assess siderophore production by the ten H2-oxidizing

rhizobacterial isolates under study. Strain 2-106, a side-

rophore-producing strain, was used as a positive control.

First, CAS-blue agar was prepared by dissolving

60.5 mg of CAS in 50 mL of distilled water and then

mixing it with 9 mL of an iron (III) solution containing

1 mM FeCl3 6H2O in 10 mM HCl. Separately, 72.9 mg of

HDTMA was dissolved in 40 mL of water and then mixed

with the CAS–iron (III) solution. The resulting dark blue

solution was autoclaved at 121 �C for 15 min. Another

solution containing 750 mL of water, 100 mL of minimal

media 9 (MM9) salt solution, 30.24 g of piperazine-N,N0-
bis (2-ethanesulfonic acid) (PIPES), and 15 g of agar was

prepared. The pH of the solution was adjusted to 6.8 with

1 M NaOH before the addition of the agar. The solution

was then autoclaved and subsequently cooled to 50 �C.
Then, 30 mL of sterile casamino acid solution and 10 mL

of a sterile glucose solution (20%) were added to the MM9/

PIPES solution and mixed thoroughly (Schwyn and Nei-

lands 1987).

Petri plates were filled with 30 mL of medium and, after

solidification, inoculated with one of the H2-oxidizing

rhizobacterial isolates. After incubation at 24 �C for

5 days, siderophore production was assessed on the basis of

a change in color of the medium from blue to orange. The

area of any orange zone surrounding the colony grown on

CAS agar was measured (mm2) using the ImageJ software

(Nguyen and others 1992).

Screening for IAA Production

The ability of the isolates to produce IAA was assayed on

the basis of the method of Patten and Glick (2002) using

Salkowski’s reagent. First, H2-oxidizing rhizobacterial

isolates were inoculated on Luria–Bertani agar medium

containing 5 mM L-tryptophan, 0.06% sodium dodecyl

sulfate, and 1% glycerol. Each inoculated plate was over-

laid with a sterile Whatman No. 1 filter paper and incu-

bated for 3 days at 24 �C. After incubation, the filter papers
were removed from the plates and soaked in Salkowski’s

reagent (2% 0.5 M ferric chloride in 35% perchloric acid)

in Petri plates at room temperature for 60 min (Patten and

Glick 2002). The formation of a red halo on the paper

where the colony had grown revealed the production of

IAA. Strain 5-51, an IAA-producing strain, was used as a

positive control.

J Plant Growth Regul (2017) 36:348–361 351

123

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/


Screening for ACC Deaminase Activity

The ACC deaminase activity of the H2-oxidizing rhi-

zobacterial isolates was determined in Petri plates using

Dworkin and Foster (DF) salt minimal medium (Dworkin

and Foster 1958) containing ACC as the sole nitrogen

(N) source. Strain 6-8 is able to obtain N from ACC and

was used as a positive control. The ten H2-oxidizing rhi-

zobacterial isolates plus the control were inoculated on DF

salt minimal agar plates. Per liter, the DF salt minimal

medium contained 4 g of KH2PO4, 6 g of Na2HPO4, 0.2 g

of MgSO4, 2 g of glucose, 2 g of gluconic acid, 2 mg of

citric acid, 1 mg of FeSO4 7H2O, 10 lg of H3BO3,

11.19 lg of MnSO4 H2O, 124.6 lg of ZnSO4 7H2O,

78.22 lg of CuSO4, 10 lg of MoO3, and 14 g of agar.

Then, 100-lL aliquots of 3 mM ACC were aseptically

pipetted and spread over the DF salt minimal medium and

then allowed to dry for 10 min. The bacteria were streaked

aseptically onto the agar surface; growth in that medium

indicates ACC deaminase activity. Growth was observed

after 2 days of incubation at 24 �C. The identity of the H2-

oxidizing rhizobacterial isolates with ACC deaminase

activity was recorded.

Screening for Antagonistic Activity

The ability of the isolates to antagonize in vitro the growth

of select fungal pathogens was tested in an agar plate assay,

as described by McSpadden and Fravel (2002), with some

modifications. The fungi Fusarium avenaceum, Pythium

ultimum, and Rhizoctonia solani were used as model

pathogens, and the assay was conducted on potato dextrose

agar (PDA).

A 0.25 cm2 piece of the mycelium of one PDA-grown

phytopathogen was placed on the center of a PDA plate.

One fresh colony of each bacterial isolate grown on PDA

was suspended in 1 mL of phosphate-buffered peptone

solution. A single streak of 10-lL aliquots of the bacterial

suspension was inoculated in two opposite parallel lines,

2.5 cm from the center of the PDA plate. For controls,

PDA plates inoculated only with a phytopathogenic fungus

were used. The plates were inverted and placed randomly

in a dark incubator at 24 �C.
Mycelial growth areas (cm2) were measured after one

week using the ImageJ software. The results are reported as

the means of mycelial growth area in the presence and

absence of bacteria.

Evaluation of Biological Control Ability

The ten positive H2-oxidizing rhizobacteria under evalua-

tion were tested in vivo for possible biocontrol

activity against (i) F. avenaceum, (ii) R. solani, and

(iii) P. ultimum. Red lentil cultivar CDC Maxim nodulated

with Hup? R. leguminosarum was the test plant. Assays

were run on each fungal pathogen independently in the

greenhouse. Each assay had a factorial design with 11 H2-

oxidizing rhizobacteria treatments (ten isolates and a con-

trol) as one factor and two pathogen treatments (with and

without) as the other. The 22 treatment combinations were

arranged in a randomized complete block design with four

blocks.

The lentil plants of all treatments were inoculated with

the H2-oxidizing rhizobacteria and Hup? R. legumi-

nosarum, as described above. The fungal pathogens were

propagated on wheat seeds; thus, infested wheat seeds were

used as the carrier to infest the test plants (lentils) with

fungal pathogens. The designated pots were inoculated by

incorporating ten pieces of pathogen inoculum, into the soil

touching the root at the three leaf seeding stage, that is, ten

infested wheat seeds, in each pot.

The fungal pathogens were produced as follows: each of

three steam-sterilized 150-mL conical flasks containing

30 g wheat grains and 50 mL of water were inoculated with

1 cm2 agar plugs from 2-week-old cultures of one of the

three pathogens used in this study (that is, F. avenaceum,

R. solani, and P. ultimum) and incubated at room temper-

ature for 10 days (Abd El Daim and others 2014). After

two week of incubation, the material was covered with the

mycelium of the pathogen and ready for use as an

inoculant.

Plants were grown in the greenhouse until disease

symptoms appeared, which took 28 days. The shoots and

roots were harvested and dried separately at 40 �C for at

least 36 h in open paper bags. Root and shoot dry bio-

masses were recorded, and growth depression due to dis-

ease was calculated as follows:

% Growth depression ¼ ML�MLPð Þ=ML� 100;

where ML is the shoot or root mass of lentil not inoculated

with a fungal pathogen and MLP is the shoot or root mass

of lentil inoculated with a fungal pathogen.

Effect on Root Nodulation in the Presence

and Absence of Drought Stress

In the greenhouse, an experiment was conducted in growth

pouches (Mega International, St. Paul, Minnesota, USA) to

test the effect of our bacterial isolates on the formation of

root nodules. The growth pouch consisted of two-ply ger-

mination paper with a folded furrow for seed placement

contained in a transparent polyethylene envelop. Red lentil

seeds (CDC Maxim) were inoculated with one of the ten

rhizobacterial isolates under evaluation or with the sterile

carrier, as a control.
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The ten bacterial isolates were grown overnight in 30%

nutrient broth medium (Becton, Dickinson, USA) at

24 �C, and bacterial suspensions of 5 9 107 cells mL-1

were prepared in 50% sterile MS solution (Maimaiti and

others 2007). The control treatment consisted of the

sterile MS solution. Then, 30 surface-sterilized lentil

seeds were pre-germinated for 2 days in each bacterial

suspension at room temperature in the dark, as described

earlier. Nodulator peat-based inoculant for pea and lentil

(Becker Underwood), which contained an Hup? strain of

R. leguminosarum, was applied to the inoculated lentil

seeds after 48 h of germination. Three germinated seeds

with an emerging radical 1–2 cm in length were trans-

ferred to each sterile growth pouch, which contained

10 mL of sterilized Long Ashton nutrient solution

(Valentine and others 2001). The seedling roots grew

between the moist paper and the clear wall of the poly-

ethylene envelop. The growth pouches were hung in

enclosed metal boxes to keep the roots in the dark. These

growth pouch-containing boxes were placed in the

greenhouse under a day/night temperature regime of

22/15 �C, a light/dark photoperiod of 15/9 h, and a rela-

tive humidity of 75%. The growth pouches were rotated

in the boxes every week to minimize border effects. The

plants were observed every day and given nutrient solu-

tion to a maximum of 10 mL per week, or water as

needed.

Three drought stress cycles were applied after three

weeks of growth by withholding watering until wilting was

observed. Plants were then watered with 5 mL of water.

The application of the drought cycles was completed in

3 days, and the plants were then subjected to the initial

watering regime for another 4 days. Control plants were

always watered as needed. The number of nodules per plant

was recorded on the last day of the experiment.

Statistical Analysis

We tested the H2 oxidation capacity of the 24 bacterial

isolates by comparing their H2 consumption with the

uninoculated control using Student’s t tests in R (Devel-

opment Core Team R 2009. R: A language and environ-

ment for statistical computing, Austria, Vienna).

The significance of the effects of the H2-oxidizing rhi-

zobacterial isolates on phosphate solubilization, side-

rophore production, IAA production, ACC production,

pathogen growth, plant biomasses, and number of root

nodules was assessed by ANOVA in JMP 6 software (SAS

Institute, Cary, NC, USA). A random effect was attributed

to blocks, when present. Treatment means were compared

using Tukey’s HSD (honest significant difference) test,

when significant treatment effects were found.

Results

Isolation and Identification of Rhizosphere Bacterial

Isolates

In total, 24 rhizobacteria were successfully isolated from

the rhizosphere of 14 lentil cultivars grown in field plots in

Swift Current, Saskatchewan, Canada; of these, ten could

oxidize H2 (Fig. 1).

The ten H2-oxidizing rhizobacteria were identified

through similarity search as Variovorax paradoxus,

Rhodococcus sp., Mycobacterium sp., Acinetobacter sp.,

Acinetobacter calcoaceticus, and Curtobacterium sp.

(Table 1). The ability of these H2-oxidizing rhizobacteria

to promote plant growth was assessed.

Plant Growth Promotion

The H2-oxidizing rhizobacterial isolates influenced the dry

mass of lentil shoots and roots in an Hup? environment

(P\ 0.0001) (Fig. 2). The inoculation of lentil with H2-

oxidizing rhizobacterial isolates generally promoted lentil

shoot biomass (Fig. 2a) and root biomass (Fig. 2b). How-

ever, the level of plant growth promotion with isolates L7,

L10, and L14 was not significant (Fig. 2). Despite that, all

isolates were screened for PGP attribute determination.

Characterization of Plant Growth-Promoting Traits

Only one H2-oxidizing rhizobacterial isolate was able to form

a clear zone around colonies on K2HPO4-amended GY agar,

an indication of calcium phosphate solubilization (Table 1).

Isolate V. paradoxus L1 produced a larger clear zone than the

phosphate-solubilizing control strain did. Nine H2-oxidizing

rhizobacterial isolates produced siderophores, on the basis of

the color changeofCASmedium.The sizeof the orangezones

surrounding the colonies was used to estimate the degree of

siderophore production. Four rhizobacterial isolates produced

Fig. 1 Consumption of H2 by 24 bacterial isolates. Bars with a star

are significantly higher than the uninoculated control according to

Student’s t tests (n = 3). C: uninoculated control; L1 through L24: 24

bacteria isolated from the rhizosphere of lentil
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less siderophores than the control strain did, and Variovorax

sp. L14 was unable to produce siderophores (Table 1). Side-

rophore areas ranged from 23.5 mm2 for the colonies of

Mycobacterium sp. L11 to 35.4 mm2 for the colonies of

Variovorax sp. L1. Four H2-oxidizing rhizobacteria formed a

red halo on the filter paper surrounding the colony in Sal-

kowski’s reagent, indicating that they were able to synthesize

IAA from tryptophan. SixH2-oxidizing rhizobacterial isolates

were able to grow on a minimal medium containing ACC as

the sole N2 source.

The H2-oxidizing rhizobacterial treatments influenced the

growth of all three phytopathogens (P\ 0.0001). Five H2-

oxidizing rhizobacterial isolates, namely L1, L11, L20, L21,

and L22, were able to suppress the growth of all phy-

topathogens. Isolates L10, L14, and L17 did not inhibit R.

solani, and isolates L4, L7, L10, and L14 did not inhibit P.

ultimum (Table 1). The H2-oxidizing rhizobacterial isolate

L21 showed the highest level of antagonism in reducing the

growth ofF. avenaceum to 36% of that of the control (Fig. 3a,

d). Isolate L20 had the strongest antagonistic effect on R.

solani, reducing its growth to 43% of that of the control

(Fig. 3b, e). Isolate L22 had the strongest antagonistic effect

onP.ultimum, reducing its growth to46%of that of the control

(Fig. 3c, f). The isolates that could antagonize all the fungal

pathogens tested were members of the genera Acinetobacter,

Curtobacterium, and Variovorax.

Biocontrol Ability

Some of the bacteria reduced (P\ 0.0001) the negative

impact of the common pathogens F. avenaceum, P. ultimum,

and R. solani on lentil shoot and root dry biomasses in the

greenhouse (Fig. 4). Twenty-eight days after inoculationwith

the pathogens, the lentil plants inoculatedwith a pathogen had

poor growth and pale color and were losing leaves in the

absence of anH2-oxidizing rhizobacterium. Inoculationwith a

pathogen caused 40–55% depression in shoot and root bio-

masses in the absence of H2-oxidizing rhizobacteria (Fig. 4).

The seven H2-oxidizing rhizobacterial isolates that showed

antagonistic activity invitro (Table 1) had at least someability

tomitigate the negative effect of pathogens on lentil shoot and

root growth in the prevalent Hup? environment (Fig. 4). In

particular, L20, L21, and L22 had superior abilities and could

mitigate the impact of all pathogens on the production of both

lentil shoot and root biomasses in the greenhouse.

Effect on Nodulation

Rhizobacterial inoculation influenced the nodulation of

lentil roots (P\ 0.0001). Seven H2-oxidizing rhizobacte-

rial isolates (L1, L10, L11, L17, L20, L21, and L22)

increased the number of root nodules in the absence of

drought stress (Fig. 5). Isolates L4, L7, and L14 had no

significant effect (Fig. 4). Most of the isolates capable of

promoting lentil plant biomass and root nodulation were

members of the genera Mycobacterium, Acinetobacter,

Curtobacterium, and Variovorax.

Drought stress caused the H2-oxidizing rhizobacteria to

influence root nodule retention in lentil differently

(P\ 0.0001). Drought stress decreased the number of

nodules per plant in lentil inoculated with L1 and L14, but

did not influence nodule number in other treatments

(Fig. 5). The stimulating effect of L1 on nodulation com-

pletely disappeared with the application of the three

drought cycles (Fig. 5).

Discussion

The results of this research verified our hypothesis. The H2-

oxidizing rhizobacteria naturally living in the rhizosphere

of field-grown lentil can promote the growth of their host

Fig. 2 Lentil shoot (a) and root (b) dry biomasses after 6 weeks of

growth in the greenhouse, as influenced by inoculation with H2-

oxidizing rhizobacterial isolates. The control was not inoculated. Bars

with different letters are significantly different at a = 0.05 (Tukey’s

HSD, n = 4)
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plants, despite the use of a commercial Hup? rhizobial

inoculant. Because H2-oxidizing PGPR can promote plant

growth in combination with commercial Hup? rhizobia,

they have potential for use in crop production.

Early research suggested that H2-oxidizing PGPR may

function best in the rhizosphere of legumes nodulated by

Hup- rhizobial strains as root nodules, then produce H2

gas (Dong and Layzell 2002). H2-oxidizing bacteria may

have different metabolic processes and function both as

lithotrophs and organotrophs (Fernández and others 2005),

depending on environmental conditions (John and Whatley

1977). Hydrogenase is inhibited by oxygen and the

microaerophilic conditions it requires to function (Yagi and

Higuchi 2012) may not always be present in the rhizo-

sphere of crop plants. H2-oxidizing PGPR living in the

vicinity of H2 producing nodules may have a competitive

advantage in using H2 gas in microaerophilic soil condi-

tions. However, they can also promote plant growth while

relying on their organotrophic metabolism. Soil oxygen is

consumed by roots and microbial activity in the rhizo-

sphere. However, agricultural soils are generally well aer-

ated, especially in the semiarid areas where lentil is grown,

and the importance of the competitive advantage provided

by hydrogenase to H2-oxidizing PGPR is unclear at this

time. It is possible that the capacity to use H2 enlarges the

niche of the H2-oxidizing PGP rhizobacteria to some

extent, but we know that this metabolism is not necessary

for H2-oxidizing rhizobacteria to promote lentil growth.

The H2-oxidizing rhizobacteria found in the lentil rhi-

zosphere belong to the Actinobacteria and Proteobacteria,

phyla known to dominate the rhizosphere (Bulgarelli and

others 2013). Among the ten H2-oxidizing rhizobacterial

isolates assessed in the present study, we detected six dif-

ferent mechanisms for plant growth promotion: P solubi-

lization, siderophore production, IAA production, ACC

deaminase production, antagonism of phytopathogens, and

enhancement of nodulation. The modes of action of H2-

oxidizing rhizobacteria had rarely been reported except for

the capacity of Variovorax and Flavobacterium to metab-

olize ACC (Maimaiti and others 2007) and Burkholderia to

produce the rhizobitoxine (Zhang 2006).

Plant growth promotion was often attributed to the

ability of the PGPR strains to produce phytohormones and

enzymes (Belimov and others 2001; Laslo and others

2012). Among the ten H2-oxidizing rhizobacterial isolates

assessed in the present study, L10, L11, L17, L20, L21, and

L22 showed ACC deaminase activity (Table 1). The

enzyme ACC deaminase hydrolyzes the precursor of

ethylene, ACC, to a-ketobutyrate and ammonia, reducing

ethylene production in plants and thus stimulating plant

growth (Glick and others 1998; Arshad and others 2007;

Kazan and Manners 2009; Gan and others 2011).

The isolates possessing ACC deaminase were the ones

that stimulated nodule formation in lentil roots (Fig. 5),

suggesting that ACC deaminase activity may increase

nodulation in legume plants. This possibility is supported

Fig. 3 Examples of pathogen growth inhibition by H2-oxidizing

rhizobacteria: growth of a Fusarium avenaceum, b Rhizoctonia

solani, and c Pythium ultimum in the absence of rhizobacterial

isolates, growth inhibition of d F. avenaceum in the presence of

isolate L21, e Rhizoctonia solani in the presence of isolate L20, and

f Pythium ultimum in the presence of isolate L22. g Absence of

growth inhibition of Pythium ultimum in the presence of isolate L4
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by previous studies reporting more nodules and higher

shoot mass in plants co-inoculated with Rhizobium and an

ACC deaminase-producing bacterium (Bai and others

2003; Belimov and others 2009). It appears that bacteria

possessing ACC deaminase are particularly beneficial to

legumes, because those bacteria promote nodulation by

adjusting ethylene levels (Shaharoona and others 2006;

Mirza and others 2007; Gan and others 2011; Chen and

others 2013).

The ACC deaminase-producing PGPR help plants

overcome abiotic stresses (Shahzad and others 2010).

Drought stress is associated with an elevated release of

endogenous ethylene by plants (Mayak and others 2004),

and ethylene metabolism is involved in the response of N2

fixation to drought stress in legumes (Larrainzar and others

2014). Our isolates L1 and L14 did not mitigate the neg-

ative impact of drought stress on nodulation like most of

the other isolates did, maybe because these two isolates do

not possess ACC deaminase activity.

Our isolate V. paradoxus L1 was devoid of ACC

deaminase activity but was the only bacterium able to

solubilize phosphate (Table 1). Phosphorus is a major

macronutrient for plants, and a large proportion of the

phosphorus fertilizers applied to cultivated soil becomes

unavailable through rapid conversion into calcium or

magnesium phosphate (Richardson 2001; Goldstein 2007;

Jorquera and others 2008; Richardson and others 2009).

Phosphate-solubilizing bacteria are common in soil

(Richardson 2001), but their numbers can be low in culti-

vated soil (Findenegg and Nelemans 1993; Rodrı́guez and

Fraga 1999).

Many PGPR produce the plant hormone IAA (Huddedar

and others 2002; Belimov and others ; Jiang and others

2012), which plays an important role in the regulation of

plant development (Gupta and others 19982009; Spaepen

and others 2007). Four H2-oxidizing rhizobacterial isolates

in our study also produced IAA, which might have led to

increased plant biomass and nutrient uptake. These isolates

belong to the genera Variovorax, Curtobacterium,

Mycobacterium, and Acinetobacter (Table 1). Recent lit-

erature supports a positive effect of Acinetobacter on plant

growth and development not only through the production

of IAA (Kazan and Manners 2009; Kang and others 2012),

but also through siderophore synthesis (Sarode and others

2009).

Siderophore production by PGPR improves the avail-

ability of iron to plants as iron–siderophore complexes

(Antoun and others 1998; Vansuyt and others 2007). The

production of iron-chelating siderophores was the most

common PGP trait observed among our H2-oxidizing rhi-

zobacterial isolates. Nine of the ten H2-oxidizing rhi-

zobacteria tested positive for siderophore production

(Table 1). The frequency of siderophore production among

the H2-oxidizing rhizobacterial associates of lentil in this

study concurs with the report of Hynes and others (2008)

who found that 76% of their Canadian prairie native PGPR

isolates were siderophore producers.

The chelation of soluble ironbymicrobial siderophores can

lead to the inhibition of phytopathogen growth, in addition to

bFig. 4 Lentil shoot (a, c, e) and root (b, d, f) dry mass reduction

caused by the common root pathogens Fusarium avenaceum (a, b),
Rhizoctonia solani (c, d), and Pythium ultimum (e, f) as influenced by

pre-inoculation of the plants with H2-oxidizing rhizobacterial isolates,

in comparison with controls. Plants were grown for six weeks in pots

in the greenhouse. Bars with different letters are significantly different

at a = 0.05 (Tukey’s HSD, n = 4)

Fig. 5 Effect of the H2-

oxidizing rhizobacterial isolates

on the resilience of root nodules

to drought stress in lentil

inoculated with Rhizobium

leguminosarum. The control

(Rh) was only inoculated with

R. leguminosarum. Bars with

different letters are significantly

different at a = 0.05 (Tukey’s

HSD, n = 4)
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increasing the level of plant-available iron in soil (Bano and

Musarrat 2003). Siderophores can sequester large amounts of

iron (III) in the rhizosphere, effectively preventing the pro-

liferation of fungal pathogens through iron starvation

(Kloepper and others 1980). Iron deficiency in pathogens

inhibits their growth and sporulation (Mathiyazhagan and

others 2004). Our H2-oxidizing rhizobacteria enhanced plant

growth by mitigating the negative impact of the fungal

pathogens (Fig. 4). This mitigation was possibly due to the

production of siderophores or phytohormones by the rhi-

zobacteria or may have been due to the production of anti-

fungal metabolites (McSpaddenG and Fravel 2002; Haas and

Defago 2005; Banchio and others 2008). Several of the H2-

oxidizing rhizobacteria showed antifungal activity against

fungal pathogens (Fig. 3). Isolates Curtobacterium sp. L22,

Acinetobacter sp. L20, and A. calcoaceticus L21 promoted

plant growth in the presence of all phytopathogens (Fig. 4)

and also showed the highest antifungal properties (Fig. 3,

Table 1). Studies to isolate and identify the molecules with

antifungal properties produced by our bacteria are in progress.

We found that H2-oxidizing rhizobacteria grown in

semiarid environments possess several PGP traits. Isolates

V. paradoxus L1 and L17, Mycobacterium sp. L11,

Acinetobacter sp. L20, A. calcoaceticus L21, and Curto-

bacterium sp. L22 possess several modes of plant growth

promotion, including the reduction of stress ethylene levels

with ACC deaminase production and increased nodulation.

All the isolates tested produced siderophores or possessed

other PGP traits. Variovorax paradoxus L1 is an IAA

producer with phosphorus-solubilizing ability. Variovorax

paradoxus L17 and Mycobacterium sp. L11 are IAA pro-

ducers with ACC deaminase-producing ability. Acineto-

bacter sp. L20, A. calcoaceticus L21, and Curtobacterium

sp. L22 also possess ACC deaminase activity and express a

high level of antagonism against common root pathogens.

The present study showed the plant growth-promoting

potential of H2-oxidizing rhizobacteria originally isolated

from the rhizosphere of field-grown lentil. The PGP effect

of the H2-oxidizing rhizobacteria in Hup? environments

can be attributed to multiple known modes of action. Using

these H2-oxidizing rhizobacteria in the Hup? environment

created by commercial inoculants could contribute to the

success of lentil production in the Canadian prairie. This

remains to be demonstrated under field conditions.
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