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Gluconacetobacter azotocaptans: A Plant
Growth-Promoting Bacteria

Samina Mehnaz and George Lazarovits

Abstract

Gluconacetobacter diazotrophicus is a very well-known and well-studied mem-
ber of family Acetobacteraceae. Strains of this species have been isolated from
all over the world. On the other side, only two strains of Gluconacetobacter
azotocaptans have been isolated, i.e., one from coffee plant in Mexico (type
strain) and another from corn plant in Canada; therefore, not much information
is available about it. This chapter is an effort to bring this species in the limelight
and show its significance as plant growth promoter. Authors have not only iso-
lated the strain DS1, they have also evaluated its plant growth-promoting poten-
tial in four varieties of corn, radish, cucumber, tomato, pepper, and potato, under
greenhouse, field, and tissue culture conditions, and data is presented in this
chapter. Inoculation effect of DS1 was compared with G. diazotrophicus PALS,
its nif mutant, and strains of other genera including Pseudomonas, Azospirillum,
Enterobacter, Burkholderia, and Sphingobacterium. Work on wheat was done by
another group in Canada, and their data has also been added. It is a nitrogen-
fixing, indole acetic acid-producing strain with phosphate solubilization ability.
It has promoted the plant growth in most cases. Its growth-promoting effect var-
ied in tissue culture medium depending on sucrose concentration as it is linked
with TAA and ethylene production. Based on data presented here, authors are
recommending its use as a biofertilizer.
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1.1 Introduction

Gluconacetobacter is a gram-negative, acetic acid-producing bacterium. It was ini-
tially categorized as sub-genus of Acetobacter; however, Yamada et al. (1997) sug-
gested to raise its status to genus level; it was accepted and validated in 1998. This
genus has 24 species, and among these G. diazotrophicus is the one that is widely
isolated from all over the world and extensively studied due to the same reason. G.
diazotrophicus is an endophytic bacterial species that occurs predominantly in veg-
etatively propagated plants. It has been isolated from numerous types of plant tis-
sues including the internal tissues of sucrose-accumulating plants such as sugarcane,
washed roots and aerial parts of Pennisetum purpureum, sweet potato stems and
roots, rhizosphere soil of coffee plants, as well as the surface-sterilized stems and
roots and inner tissues of Eleusine coracana, pineapple plants, and wetland rice
varieties (Munoz-Rojaz and Caballero-Mellado 2003; Muthukumarasammy et al.
2005). Recently, a review published by Eskin et al. (2014) listed all reported hosts
of G. diazotrophicus.

G. diazotrophicus was the only known nitrogen-fixing species of this genus until
Jimenez-Salgado et al. (1997) isolated two other acetic acid-producing, diazotro-
phic bacteria from rhizosphere of coffee plants. These diazotrophs shared features
with the genus Gluconacetobacter but differ from G. diazotrophicus with respect to
morphological and biochemical traits as well as genetic and molecular features.
Results of intensive taxonomic analysis by Fuentes-Ramirez et al. (2001) led to the
recommendation that these new isolates be assigned to novel species within the
family Acetobacteraceae. These isolates were named as G. azotocaptans and G.
johannae. Like other species of Gluconacetobacter (except G. diazotrophicus),
reports of these two species are also rare.

Mehnaz et al. (2006) reported the isolation of G. azotocaptans strain DS1 from
corn rhizosphere. Till now there is no other report about the isolation of this species
from any other host or other parts of the world. Therefore, work done on this species
is also very limited. Focus of this chapter is to throw light on the significance of this
species as a plant growth-promoting bacteria.

1.2  Gluconacetobacter azotocaptans

It is a gram-negative, nitrogen-fixing bacterium isolated from coffee and corn rhizo-
sphere (Fuentes-Ramirez et al. 2001; Mehnaz et al. 2006). Authors have extensively
worked on this bacterium; part of this work has been published (Mehnaz and
Lazarovits 2006; Mehnaz et al. 2006). This chapter is presenting the published and
unpublished work done on this strain by authors and the University of Saskatchewan.
This strain was explored for its plant growth-promoting potential in lab studies, field
experiments, and tissue culture conditions. Corn, wheat, potato, and some vegeta-
bles were used as host to observe the effect of this bacterium. Detailed information
about this work is provided below.
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Mehnaz and Lazarovits (2006) screened this strain for plant growth-promoting
traits and its potential to be used as biofertilizer. Authors performed qualitative and
quantitative assays and reported the nitrogenase activity (40 nmol ethylene/hr/mg
protein), indole acetic acid production (106 pg/l), phosphate solubilization, and
antifungal activity of this strain, against Fusarium solani, F. solani phaseoli, F.
moniliforme, and F. sambucinum.

1.3 Growth Promotion of Cereals Inoculated
with G. azotocaptans DS1

1.3.1 Corn

Authors had worked on the project of bioformulation for corn at Agriculture and
Agri-Food Canada, London, Ontario, Canada. Data presented here is part of that
project. Corn plants were inoculated with DS1 and other bacterial strains, grown in
sterilized sand and unsterilized soil, in pot experiment. DS1 was also used as inocu-
Ium for field trials.

For pot experiment, four Pioneer varieties of corn, i.e., 39D82, 39H84, 39M27,
and 39T68, were inoculated with G. azotocaptans DS1 (corn isolate) and other
strains of Azospirillum (N7 and N8; corn isolates), Pseudomonas, and G. diazotro-
phicus PALS5 and its nifD mutant; 10® cells per plant at the time of transplantation.
Three-days-old seedlings were grown for 4 weeks, in 250 g sterilized sand and NPK
fertilizers (20:10:50 kg/ha, respectively). DS1 inoculated plants showed significant
and maximum increase (27%) in root weight of 39T68 as compared to all other
treatments and other corn varieties used in this study (Table 1.1). For 39T68, A.
brasilense N8 and P. putida CQ179 also increased the root weight, but it was slightly
less than DS1. With two varieties, 39H84 and 39M27, inoculation effect for all

Table 1.1 Effect of bacterial isolates on root weight of four corn varieties after 30 days growth,
in sterilized sand

Corn varieties

39D82 (mg/ | 39H84 (mg/ |39M27 (mg/ | 39T68 (mg/
Treatments plant) plant) plant) plant)
Control 260+40bc 21056 a 270 +50 a 220+ 60 c
A. zeae N7 300+42a 220+36a 270 +47 a 255 + 52 abc
A. brasilense N8 290 +4lab | 200+59 a 265+ 63a 270 + 64 ab
P. putida CQ179 250+ 34 c 215+39a 250+ 46 a 270 + 64 ab
G. azotocaptans DS1 250+32¢ 220+65a 260 +41a 280 £ 90 a
G. diazotrophicus PAL5S Wt 260+33bc 21057 a 290 +42a 230 =49 be
G. diazotrophicus PALS nifD | 250 +40 ¢ 200+42a 250+42a 240 + 50 abc

Values are average of 12 replicates. Letters indicate a statistically significant difference between
treatments according to Duncan’s multiple range test (DMRT) at P < 0.05. Mean separation within
a column followed by the same letters does not differ significantly

Data is taken from Mehnaz and Lazarovits (2006)
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bacterial strains on root weight was non-significant as compared to uninoculated
plants. For 39D82, Azospirillum strains, N7 and N8, showed maximum increase in
root weight, 15% and 11%, respectively, as compared to uninoculated and all other
inoculated plants. DS1 and all other inoculated strains did not show any difference
with uninoculated plants. Interestingly, G. diazotrophicus strains did not show sig-
nificant difference in root weight of any variety.

Shoot weight of all varieties increased when inoculated with DS1 (Table 1.2);
however, 39M27 and 39T68 showed significantly high shoot weight, ranging from
23% to 29% (Mehnaz and Lazarovits 2006). Azospirillum brasilense N8 and A. zeae
N7 (Mehnaz et al. 2007a) also significantly increased shoot weight of these two
varieties; however, it was less than G. azotocaptans DS1, i.e., 15.7%. G. diazotro-
phicus PALS strains, i.e., Wt and nifD, could not contribute significantly in shoot
weight of these varieties. For variety 39H84, increase in shoot weight was non-
significant by all bacterial strains. For variety 39D82, shoot weight was significantly
increased by both strains of G. diazotrophicus, i.e., 12.5-13.7%. G. azotocaptans
DS1 showed 11.3% increase in shoot weight that was slightly less than G. diazotro-
phicus. Azospirillum strains N7 and N8 showed 7.5% and 12.5% non-significant
increase, respectively. However, P. putida CQ179 showed lowest shoot weight as
compared to all other inoculated and control plants.

Same varieties were used for plant experiment in unsterilized soil collected from
corn field and inoculated with DS1 and strains of Azospirillum, Pseudomonas, and
G. diazotrophicus. DS1 significantly increased the root weight of 39H84, i.e., 19%
(Table 1.3), as compared to other varieties and other bacterial strains. None of the
bacterial strains could increase the root weight of variety 39T68 as compared to
control plants. P. putida CQ179 was the only strain that significantly increased the
root weight, i.e., 20.8%, of variety 39M27 plants. Performance of DS1 was very
poor with this variety as lowest root weight was recorded for plants inoculated with

Table 1.2 Effect of bacterial isolates on shoot weight of four corn varieties, after 30 days growth
in sterilized sand

Corn varieties

39D82 (mg/ | 39H84 (mg/ | 39M27 (mg/ | 39T68 (mg/
Treatments plant) plant) plant) plant)
Control 400 £62bcd | 525+ 108ab |310+60b 510+98d
A. zeae N7 430 £41 abc 510+ 124ab |315+54b 590 + 66 abc
A. brasilense N8 450 £58ab |490+124b |330+66b 590 + 130 ab
P. putida CQ179 360 +54d 560+100a |350+60b 570 + 74 abcd
G. azotocaptans DS1 445+71ab |[540+86ab 400x71a 630 + 122 a
G. diazotrophicus PAL5S Wt 455+65a 510£98ab |330+57b 530 =88 cd
G. diazotrophicus PALS nifD | 450+ 55a 535+ 105ab |320+51b 560 = 85 bed

Values are average of 12 replicates. Letters indicate a statistically significant difference between
treatments according to Duncan’s multiple range test (DMRT) at P < 0.05. Mean separation within
a column followed by the same letters does not differ significantly

Data is taken from Mehnaz and Lazarovits (2006)



1 Gluconacetobacter azotocaptans: A Plant Growth-Promoting Bacteria

Table 1.3 Effect of bacterial isolates on root weight of four corn varieties, after 30 days growth,

in non-sterilized corn field soil

Corn varieties

39D82 (mg/ |39H84 (mg/ |39 M27 (mg/ |39 T68 (mg/
Treatments plant) plant) plant) plant)
Control 240 +30 ¢ 290 +45bc  |240+45bc  |320+61a
A. zeae N7 290 +48ab | 310x53 abc |260+47abc | 340+74a
A. brasilense N8 250 +34bc  |310x70abc |255+33abc 330+79a
P. putida CQ179 300+39a 330+50ab  |[290+52a 335+63a
G. azotocaptans DS1 250£57bc |345+53a 220+ 69 ¢ 320+65a
G. diazotrophicus PAL5 Wt 240+£37c¢ 280+ 66 ¢ 260+ 64 abc |340+75a
G. diazotrophicus PALS nifD 1240 +25 ¢ 290+75bc  |280x53ab |340+63a

Values are average of 12 replicates. Letters indicate a statistically significant difference between
treatments according to Duncan’s multiple range test (DMRT) at P < 0.05. Mean separation within

a column followed by the same letters does not differ significantly
Data is taken from Mehnaz and Lazarovits (2006)

Table 1.4 Effect of bacterial isolates on shoot weight of four corn varieties, after 30 days growth,

in non-sterilized corn field soil

Corn varieties

39D82 (mg/ | 39H84 (mg/ | 39M27 (mg/ | 39T68 (mg/
Treatments plant) plant) plant) plant)
Control 500 +67b 570 +87b 450+ 111b | 690+99 a
A. zeae N7 570 + 64 a 610+92b 560 + 66 a 710+ 127 a
A. brasilense N8 520x46ab |590+120b [450+109b | 670+97a
P. putida CQ179 560 =59 a 675+88a 560 £ 63 a 720+ 131 a
G. azotocaptans DS1 480 £42b 570 £149b [470+x111b |700+144 a
G. diazotrophicus PALS Wt 500+ 72b 595+130b |505+8lab | 710x118a
G. diazotrophicus PALS nifD | 520+49ab 580+ 117b [590+99a 710+ 120 a

Values are average of 12 replicates. Letters indicate a statistically significant difference between
treatments according to Duncan’s multiple range test (DMRT) at P < 0.05. Mean separation within
a column followed by the same letters does not differ significantly

Data is taken from Mehnaz and Lazarovits (2006)

this strain; however, the difference was non-significant. The rest of the inoculated
strains showed non-significant increase in root weight.

G. azotocaptans DS1 could not significantly increase the shoot weight of plants
of any variety as compared to uninoculated plants (Table 1.4). A. zeae N7 and P.
putida CQ179 significantly increased the shoot weight of variety 39D82, i.e., 14%
and 12%, respectively. The rest of the strains contributed non-significantly in shoot
weight. Lowest but non-significant root weight was recorded for DS1 inoculated
plants. P. putida CQ179 also significantly increased the shoot weight, i.e., 18.4%, of
variety 39H84 plants. Shoot weight of the rest of the inoculated plants was far below
as compared to CQ179 inoculated plants. For variety 39M27, G. diazotrophicus
nifD, P. putida CQ179, and A. zeae N7 significantly increased shoot weight of the
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plants as compared to all other treatments. CQ179 and N7 both increased 24.4%
shoot weight, and G. diazotrophicus nifD showed 31% increase in this parameter.

For field experiment, corn variety 39D82 was used. Bacterial cultures, i.e., G.
azotocaptans DS1 and Azospirillum canadense DS2 (another isolate from corn rhi-
zosphere; Mehnaz et al. 2007b), were individually used as inoculum. Bacterial cell
pellets were suspended in 0.85% saline with 1% polyvinyl pyrrolidone K30 (PVP;
sticker). Approximately 10° cells per seed were applied by soaking them in inocu-
lum. For control, seeds were coated only with sticker. Replicated field plots of corn
variety Pioneer 39D82 were established in Southwestern Ontario at the Delhi
research farm. All plots received a broadcast application of granular fertilizer con-
taining 55 kg N + 20 kg P,Os + 110 K,O/ha incorporated to a depth of about 10 cm
prior to seeding. In the fall, grains were harvested, the moisture content was deter-
mined, and the 15% moisture content (MC) yield was calculated. Data was analyzed
by using SAS statistical software (ver.9.1). ANOVA was carried out in SAS, and
comparison among treatments was done by using Duncan’s multiple range test
(DMRT).

Grain yield for G. azotocaptans DS1 inoculated plants was 9 t/ha as compared to
8.7 and 8.6 t/ha for A. canadense DS2 and control plants, respectively. Another field
experiment was performed with corn variety, NK N-35 B8, and inoculated with the
same organisms (DS1 and DS2) and the same conditions. Grain yield for DS1 was
11.1 t/ha as compared to10.7 and 10.2 t/ha for DS2 and control plants, respectively.
For both experiments, DS1 inoculated plants showed highest grain yield; however,
the difference was non-significant.

1.3.2 Wheat

The detailed studies with strain DS1 of G. azotocaptans on wheat were done at the
University of Saskatchewan, Canada, by Morley in 2013. He used DS1 and a strain
of Azospirillum zeae N7 (Mehnaz et al. 2007a) to inoculate wheat plants cv. Lillian
under lab and field conditions and observed their effect on dry matter, %Ndfa, and
survival of these strains. Survival of strains was observed on sterilized, non-sterilized,
and fungicide-coated seeds. It was reported that DS1 and N7 survived well in the
presence of fungicide, Dividend® XLRTA®, on the seed coat, showing their resis-
tance to this product. Survival was better on non-sterilized and fungicide-coated
seeds as compared to sterilized seeds as it declined at fast rate on sterilized ones.
DS1 and N7 are nitrogen fixers, and this ability was observed in these experi-
ments. It is known that presence of nitrogen fertilizer reduces the biological nitro-
gen fixation (BNF). Interestingly, in this study both strains contributed more
through BNF, in the presence of nitrogen fertilizer. Nitrogen uptake and %Ndfa
increased with the increase of nitrogen fertilizer. Inoculated plants grown in growth
chamber with 12.2-24.5 pg N/g had highest %Ndfa, i.e., 25.5%. Inoculated plants
fertilized with higher amount showed highest nitrogen uptake, 1.3 g/pot, at matu-
rity, as well. Similar results were obtained in field study as inoculated plants provided
with 80 kg N/ha showed highest nitrogen uptake of 47 kg N/ha and significantly
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higher (P < 0.05) %Ndfa, 10.5%, as compared to other dosage of chemical fertil-
izer. Accumulation of nitrogen varied in different parts of the plants with bacterial
strains.

For pot experiments, Azospirillum zeae N7 inoculated plants accumulated sig-
nificant amount of nitrogen in spikes, and G. azotocaptans DS1 inoculated plants
had highest amount in stem. This trend was not observed in field experiment. In pot
experiments, plants were harvested at 40, 65, and 102 days after sowing. Significant
increase in dry matter of G. azotocaptans DS1 inoculated plants provided with fer-
tilizer, was observed after 40 days of sowing. At other stages and inoculation with
Azospirillum N7, it was not as effective as DS1. Among dry matter, the weight of
stem for DS1 inoculated plants with different fertilizer doses was higher as com-
pared to uninoculated plants and plants without any fertilizer. However, dry matter
for spikes was highest for Azospirillum inoculated plants as compared to other
treatment.

Field experiments with these two strains were conducted at three sites of
Saskatchewan. Field soil was provided with different doses of nitrogen fertilizer. It
was observed that presence of nitrogen fertilizers did not inhibit the nitrogen fixa-
tion by DS1 and N7, as determined by %Ndfa. Increase in dry matter or grain yield
was observed with increase in fertilizer dose. However, increase in yield or dry mat-
ter was non-significant in inoculated plants.

1.4  Growth Promotion of Vegetables Inoculated
with G. azotocaptans DS1

Authors have worked on the G. azotocaptans DS1 to observe its growth-promoting
effects on different vegetables. For cereals, work was done in greenhouse and field
as well. However, for vegetables, experiments were done only in greenhouse under
controlled temperature and light conditions. In addition to G. azotocaptans DSI,
four other bacterial strains, Azospirillum zeae N7, A. brasilense N8, A. canadense
DS2, and Pseudomonas putida CQ179, isolated from corn rhizosphere were used to
inoculate the vegetable crops. Inoculum was applied to cucumber, pepper, radish,
and tomato seedlings, at the time of transplantation in promix (mixture of peat and
vermiculite) and grown under greenhouse conditions. Plants were harvested after 4
weeks, and root, shoot, and whole plant weights were recorded.

For each crop, 12 replicates were used for each treatment. All experiments were
repeated three times. The repeated experiments showed similar trends, and there
were non-significant differences between the same treatments in each experiment.
The data was analyzed by using SAS statistical software. One-way analysis of vari-
ance (ANOVA) was done with the ANOVA procedure in SAS, and comparison
among treatments was done by using Duncan’s multiple range test (DMRT). All
analyses were performed at the P = 0.05 level.
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Table 1.5 Effect of nitrogen fixers on sweet pepper cultivar “California wonder” and cucumber
cultivar “Marketmore 76” plants after 30 days growth in promix, under greenhouse conditions

Sweet pepper Cucumber
Total Shoot Root Total Shoot Root
weight weight weight weight weight weight
Treatments (mg/plant) | (mg/plant) | (mg/plant) | (mg/plant) | (mg/plant) | (mg/plant)
Control 113 be 58b 53b 773 be 603 be 175 ab
A. zeae N7 103 ¢ 54b 49b 756 be 583 be 168 b
A. brasilense N8 142 ab 82a 71a 829 ab 659 ab 160 b
G. azotocaptans DS1 | 161 a 89a 72a 931 ab 730 a 201 a
A. canadense DS2 177 a 97 a 78 a 635 ¢ 504 ¢ 123 ¢
P. putida CQ179 163 a 86 a 74 a 844 ab 666 ab 167 b

Values are average of 12 replicates. Letters indicate a statistically significant difference between
treatments according to Duncan’s multiple range test (DMRT) at P < 0.05. Mean separation within
a column followed by the same letters does not differ significantly

Control

Fig. 1.1 Growth-promoting effect of G. azotocaptans DS1 on cucumber plant, under greenhouse
conditions

1.4.1 Sweet Pepper

It was observed that G. azotocaptans DS1 significantly promoted root, shoot, and
total plant weight. Significantly high total weight was recorded for G. azotocaptans
DS1, A. canadense DS2, and P. putida CQ179 inoculated plants as compared to
uninoculated and two other strains. Although A. canadense DS2 inoculated plants
showed highest weight as compared to G. azotocaptans DS1 and P. putida CQ179,
the difference was non-significant (Table 1.5; Fig. 1.1). Root and shoot weight for
all inoculated plants except A. zeae N7 were significantly higher than control plants.
N7 inoculated plants had non-significant difference with control. Among other
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Fig. 1.2 Growth-promoting effect of G. azotocaptans DS1 on pepper plant, under greenhouse
conditions

strains, highest root and shoot weights were also observed with A. canadense DS2
inoculated plants; difference with DS1, N8, and CQ179 was non-significant.

1.4.2 Cucumber

G. azotocaptans DS1 significantly promoted the total plant weight and shoot weight
of cucumber plants as compared to uninoculated and plants inoculated with other
strains (Table 1.5). Increase in shoot weight was quite visible in DS1 inoculated
plants (Fig. 1.2). A. brasilense N8 and P. putida CQ179 also showed total weight
and shoot weight higher than control; however, the difference was non-significant
with G. azotocaptans DS1 and uninoculated plants. Root weight of DS1 inoculated
plants was highest among all inoculated and uninoculated plants, but difference was
non-significant with uninoculated plants.

1.4.3 Tomato

G. azotocaptans DS1, A. canadense DS2, and P. putida CQ179 significantly
enhanced the root, shoot, and total weight of tomato plants as compared to uninocu-
lated and rest of the inoculated plants (Table 1.6). Highest shoot weight and total
plant weight were recorded for DS2, and root weight was highest for DS1 inocu-
lated plants, however, difference among these three strains was non-significant.
Significantly lowest weights among all inoculated and uninoculated plants were
recorded for A. zeae N7 inoculated plants. A. brasilense N8 inoculated plants
showed total plant and root weight higher than control plants and N7 but lower than
other inoculated plants.
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Table 1.6 Effect of nitrogen fixers on radish cultivar “Cherry belle” and tomato cultivar “Bellstar
409” plants after 30 days growth in promix, under greenhouse conditions

Radish Tomato
Total Shoot Root Total Shoot Root
weight weight weight weight weight weight
Treatments (mg/plant) | (mg/plant) | (mg/plant) | (mg/plant) | (mg/plant) | (mg/plant)
Control 965 b 308 ¢ 619 bc 320 ¢ 257b 64 c
A. zeae N7 1,124 a 408 a 711 abc 240 d 190 ¢ 59¢
A. brasilense N§ 1,161 a 340 abc 823 a 364 b 282b 84 b
G. azotocaptans DS1 | 1,114 a 383 ab 680 bc 460 a 361 a 103 a
A. canadense DS2 925b 361 abc 585¢ 511 a 418 a 102 a
P. putida CQ179 1,041 ab | 326 be 732 ab 472 a 383 a 93 ab

Values are average of 12 replicates. Letters indicate a statistically significant difference between
treatments according to Duncan’s multiple range test (DMRT) at P < 0.05. Mean separation within
a column followed by the same letters does not differ significantly

1.4.4 Radish

A. brasilense N8, A. zeae N7, and G. azotocaptans DS1 significantly enhanced total
weight of radish plants, as compared to rest of the treatments including control
plants (Table 1.6). Among these three, highest weight was recorded for A. brasi-
lense N8 inoculated plants; however, difference with A. zeae N7 and G. azotocap-
tans DS1 was non-significant. Highest shoot weight was recorded with N7 inoculated
plants. DS1 inoculated plants were second highest and had non-significant differ-
ence with N7. N8 showed highest significant increase in root weight. The rest of the
strains, except A. canadense DS2, showed higher root weight as compared to con-
trol, but difference was non-significant.

1.5 Use of G. azotocaptans DS1 as Inoculum for Potato
Plants in Tissue Culture

Effect of G. azotocaptans DS1, on potato cultivar “Kennebec,” was observed in tis-
sue culture conditions. Plantlets were grown in MS medium after individual inocu-
lation of G. azotocaptans DS1, E. cloacae CR1, S. maltophilia CR3, P. putida CR7,
and S. canadense CR11. After 8 weeks, it was observed that DS1 significantly
reduced the shoot height, shoot weight, and total biomass; root weight was better
than control, but difference was not significant (Table 1.7). CR3, CR7, and CR11
significantly enhanced shoot weight and total biomass; however, root weight and
shoot height were non-significantly higher than control. CR1 significantly reduced
all parameters.

Response of DS1 was quite discouraging in tissue culture. To investigate this
effect, three different concentrations of sucrose were used in MS medium, i.e., 7, 15,
and 30 g/I. Regular amount of sucrose in MS medium is 30 g/l. Plantlets of same cul-
tivar, “Kennebec,” were inoculated with DS1, CR1, and B. phytofirmans E24. E24 is
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Table 1.7 Effect of bacterial isolates on the “in vitro” growth of potato cultivar “Kennebec” after

8 weeks growth in MS medium

Shoot height Total biomass | Root weight Shoot weight
Treatments (cm/plant) (mg/plant) (mg/plant) (mg/plant)
Uninoculated 128+1.52a |572+103¢c 9.05+4.7b 45.1+£124b
E. cloacae CR1 30+1.02¢ 152+£6.6d 0+0c 152+£6.6¢
G. azotocaptans DS1 32+03c 22.6+5.0d 13.8+2.7b 13.3+38¢c
S. maltophilia CR3 13.7+199a [79.5+16.2b 129+52b 66.7+12.0a
P. putida CR7 140+132a |72.1+9.7b 129+43b 59.2+73a
S. canadense CR11 135+1.73a |702+154b 99+55b 59.7+11.1a
B. phytofirmans E24 109+124b [110+145a 584+8.1a 469+125b

Values are average of 10 replicates. Letters indicate a statistically significant difference between
treatments according to Duncan’s multiple range test (DMRT) at P < 0.05. Mean separation within
a column followed by the same letters does not differ significantly

70 70 4
60 60 -
50 1 50 -
40 4 40 1
30 30 A

20 20 A

Shoot weight (mg/plant)

>
Root weight (mg/plant)
>

0 . 0 = . = =
7.59/1 15g/1 30g/1 7.5g/l 15g/l 309/l
140 1 [—o—cControl 18 1
£ 120 { |—=—CR1 = 161
3 —a—DS1 5 14
S 100 A s
£ —m—E24 € 121
= 801 <10 1
K=y 5 8-
2 601 .E’ )
§ 401 S
o 2 47
g 204 . %3 @ 24 — L3 .
e
0 . . \ 0 T
7.5/l 15g/1 309/l 7.5g/1 15g/1 309/l

Sucrose concentration in MS medium Sucrose concentration in MS medium

Fig. 1.3 Effect of sucrose concentration in MS medium on different growth parameters of potato
cultivar “Kennebec”

known to be a plant growth promoter for corn, potato, tomato, and pepper (Lazarovits
and Novak 1997; Mehnaz et al. 2010); it was used as positive control. After 8 weeks,
it was observed that at 7 and 15 g/1, DS1 promoted all the parameters, i.e., root weight,
shoot weight, total biomass, and shoot height, but it was drastically reduced at 30 g/1
(Fig. 1.3). E24 increased all parameters at all concentrations, with maximum positive
effect at 30 g/l. CR1 decreased all parameters at all concentrations.
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1.6  Gluconacetobacter azotocaptans DS1 as Plant Growth
Promoter

Role of G. azotocaptans DS1 as plant growth promoter is exclusively evaluated by
authors. The strain improved the growth of corn, wheat, radish, pepper, tomato, and
cucumber, under greenhouse and/or field conditions. Data mentioned above, sup-
port that DS1 has potential to be used as biofertilizer. As strain has ability of nitro-
gen fixation and IAA production, it seems that these two mechanisms are playing
major role in plant growth promotion. Ability of this strain was evaluated under
greenhouse and field conditions for cereals and vegetables, and in most of the cases
results were positive even if non-significant. In soil, sand, and promix, DS1 strain
has performed well.

Under tissue culture conditions, results were positive for lower concentration of
sucrose. At higher concentration, it almost killed the plantlets. Effect of sucrose on
plant growth is reported in literature. Studies have suggested extensive connections
between sugar signaling and phytohormone pathways, in which abscisic acid acts
positively and ethylene acts negatively (Kozuka et al. 2005). It is known that sucrose
increases ethylene production in plant tissues (Meir et al. 1985) and also enhances
the sensitivity to auxin (de Klerk et al. 1999). Calamar and Klerk (2002) studied the
effect of sucrose concentration on adventitious root regeneration in apple and
noticed strong reduction of rooting at higher sucrose concentration. Kozuka et al.
(2005) examined the role of photoreceptors and sucrose on differential growth of
leaf blade and petiole. They observed the inhibition in leaf blade expansion with
increasing sucrose concentration in white light.

Researchers who isolated and named the species, i.e., G. azotocaptans, did not
analyze the potential of this strain as PGPR; at least authors could not find any
report. Therefore, all the information is based on one strain. Work done by Morley
(2013) on this strain also validated its plant growth potential.

Unfortunately, only two strains of this species have been reported by now. It
seems that more strains might exist but not discovered yet. One strong reason can be
that 16S rRNA of G. azotocaptans has 98.5% similarity with G. diazotrophicus
(Fuentes-Ramirez et al. 2001; Mehnaz et al. 2006) that is strong enough to declare
it as G. diazotrophicus. To confirm it as G. azotocaptans, one has to get complete
sequence of 1.5 kb, and that is not a regular practice; mostly researchers used a
smaller fragment. Another way is to use specific primers designed for this species
(Fuentes-Ramirez et al. 2001).

1.7 Conclusions

In this chapter, authors have discussed the role of G. azotocaptans in plant growth
promotion. Most of the work was carried out by authors on isolate DS1, and data
provided here strongly suggests that it should be used as biofertilizer. Now, DS1
strain is with an international company known for bioformulation production, and
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authors expect that may be soon we will see the commercially available bioformula-
tion based on this strain alone or as a part of consortium.

In addition, authors recommend that researchers finding new strains of G. diazo-
trophicus should also make sure by doing the sequencing of longer fragment of 16S
rRNA that they have the right species.
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Modifying the Rhizosphere

of Agricultural Crops to Improve Yield
and Sustainability: Azospirillum

as a Model Rhizotroph

Maria Alejandra Pereyra and Cecilia M. Creus

Abstract

The chemicals used in agriculture to increase yields, and to kill pathogens, pests,
and weeds, may have a harmful impact on the ecosystem. Current public con-
cerns about the side effects of agrochemicals imposed scientists a new challenge
in improving the understanding of cooperative activities among plants and rhizo-
sphere microbial populations. The future goal is the gradual reduction in the use
of chemicals without affecting yield or quality of the crops. A new generation of
technologies must be developed focusing on the favorably partitioning of the
biomolecules produced during the interaction between plants and microbes. The
objective of this chapter is to review the current knowledge about the effects of
plant growth-promoting rhizobacteria and their potential use as innovative tools
for the sustainability of agroecosystems, with emphasis on the Azospirillum, and
their use in Argentina.

2.1 Introduction

Agricultural intensification has greatly increased the productive capacity of agro-
ecosystems, though it also has unintended environmental consequences including
degradation of soil and water resources and alteration of biogeochemical cycles
(Drinkwater and Snapp 2007; Lehman et al. 2015). In modern cultivation processes,
indiscriminate use of fertilizers, particularly the nitrogenous and phosphorus ones,
has led to substantial pollution of soil, air, and water (Gupta et al. 2015). The appli-
cation of fertilizers on a long-term basis often leads to reduction in soil pH and in
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exchangeable bases, making nutrients unavailable to crops and declining their pro-
ductivity (Gudzic et al. 2015). To obviate this problem and obtain higher plant
yields, farmers have become increasingly dependent on chemical sources of nitro-
gen (N) and phosphorus (P). Besides being costly, the production of chemical fertil-
izers depletes nonrenewable resources and poses human and environmental hazards
(Joshi et al. 2006). It has also been reported that the excessive use of chemicals not
only affects the fertility status of soil and pollutes the environment but also might
exert deleterious effects on soil microorganisms (Youssef and Eissa 2014).

By the other side, pathogenic microorganisms that affect plant health are also a
major and chronic threat to sustainable agriculture and ecosystem stability, world-
wide. Pesticides still represent one of the main pressures from agriculture on human
health and ecosystems, though chemical substances placed on the market tend to be
less harmful in response to the requirements of the directives and regulations in
force, as they undergo more risk assessment (Eurostat. Statistics Explained 2012).

All these setbacks were the consequence of centering agricultural production and
soil conservation to cover human needs, without considering either soil stability or
soil health (Welbaum et al. 2004). The importance of soil health and quality in rela-
tion to sustainable land management is an actual concern (Doran 2002; Karlen 2012).

2.2 The Concept of Soil Health

Soil is a dynamic living matrix, and it is a critical resource in agricultural and food
security. Soil health is defined as the sustained capacity of soil to function as a vital
living system. This concept is based on that it contains biological elements that are
key to ecosystem function within land-use boundaries (Doran and Zeiss 2000;
Karlen et al. 2001). These functions are able to sustain biological productivity of
soil, maintain the quality of surrounding air and water environments, as well as
promote plant, animal, and human health (Doran et al. 1996). Keeping this defini-
tion in mind, the quality of a specific kind of soil has been defined as “the capacity
to function, within natural or managed ecosystem boundaries, to sustain biological
productivity, promote environmental quality, and maintain plant and animal health”
(Blanco and Lal 2012). Soil erosion, atmospheric pollution, extensive soil cultiva-
tion and grazing, high irrigation, salinization, and desertification not only decrease
the productivity of an agricultural land but also perturb or degrade its health. A bal-
ance of chemical, physical, and biological components contributes toward main-
taining soil quality (Das and Varma 2010). Agroecosystem functioning is governed
largely by soil microbial dynamics (Kennedy and Smith 1995). Sustainable and
productive agriculture depends on a healthy community of soil microbes. These
decompose organic matter and contribute to the biological recycling of chemical
nutrients that affect soil fertility. The functioning of agricultural ecosystems, includ-
ing the health of soil, mostly depends on the interaction between the diversity of
primary producers (plants) and decomposers (microbes), which are the two key
functional groups that form the basis of all soil ecosystems (Elmqyvist et al. 2010).
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Microbes balance soil ecology being an integral part of every soil ecosystem.
Only 1 g of soil may contain billions of microbes with thousands of different spe-
cies. Metabolic activities of the microbes, such as plant growth-promoting rhizo-
bacteria (PGPR), cyanobacteria, and fungal organisms (mycorrhiza), and of soil
fauna (nematodes, worms, protozoans, etc.) promote soil health and crop productiv-
ity. Several biotic or abiotic factors lead to the alteration of the microbial commu-
nity structure and composition, which may influence directly or indirectly the soil
ecosystem, nutrient cycling activity, and crop production (Chaudhry et al. 2012).

In addition, anthropogenic intervention for the management and treatment of
soil, involving fertilizers, pesticides, manure, or genetically modified microorgan-
isms and plants, also influences microbial diversity (Nautiyal 2012). Different stud-
ies have shown that the application of chemical fertilizers (NPK) enhanced crop
yield but affected the diversity in microbial population and their enzymatic activi-
ties (Zhang et al. 2015). By the other side, it has been shown that chemical fertilizers
could increase the soil microbial biomass, exerting no significant changes in the
microbial characteristics of the soil (Nautiyal 2012). Evidences linking direct
impact of chemical fertilizers on microbial diversity, function, and phylogeny are
still not well documented (Nautiyal 2012).

Changes in microbial parameters are correlated with the soil organic carbon con-
tent, as all the soil organisms essentially need a carbon source for their survival, and
not to the application of P and N. This is the reason why soils poor in organic matter
are usually poor in microbial activities. Crop productivity greatly depends upon the
amount of available nutrients in the soil, which is governed by transformations of
soil microbial biomass. Thus, the growth and activity of microorganisms are func-
tions of soil properties, such as nutrition, texture, pH, temperature, and moisture
content, and they are sensitive indicators of changes in these soil properties. The
optimal functioning of each organism usually appears as a part of small well-
structured communities carrying species which are interdependent on each other. In
this context, augmentative approaches study the possibility of isolating organisms
from the vast pool of biodiversity, with any special enhanced activity, and introduc-
ing them in the ecosystem. These activities can be also enhanced by manipulation
such as drainage (aeration) or crop rotation. This approach can involve the use of
selected wild-type organisms or genetically modified organisms which have their
function introduced or enhanced by the use of recombinant DNA. Nevertheless,
such constructed organisms may not fit ecologically as the comparable wild types
(Prakash et al. 2011). Future marketing of transgenic bioinoculant products and
their release into the environment as eco-friendly alternations to agrochemicals will
depend on the generation of the biosafety data required for the registration of PGPR
agents.
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2.3  The Rhizosphere

The rhizosphere, the interface between growing roots and the mineral world in the
soil, provides a particular ecosystem where ecological feedbacks, chemical interac-
tions, and inter-organism communication take place. According to root nearness,
soil can be divided in three main zones: (1) the rhizoplane or root surface, (2) the
ectorhizosphere that portion of the soil under root influence, and (3) soil that is
devoid of plants (Manthey et al. 1994). The ectorhizosphere, the rhizoplane, and the
root cortex are together called the rhizosphere.

Rhizosphere affects and even transforms a large soil environment, including all of
the so-called bulk soil (Richter et al. 2007). Plants alter the rhizobacterial community
by releasing different substrates, which can vary from single sugar components to
complex aromatic structures, and therefore selecting for increased numbers of certain
taxa and/or functional groups of bacteria (Kravchenko et al. 2003). Microorganisms
can also influence the plant by promoting or inhibiting growth (Glick et al. 1998).
Many of the interactions between microbes and plants are still unknown.

During the past years, there has been an increased recognition of the role that
biological processes play in soil function and in sustainable crop production (Nautiyal
2012). A recent major strategy to counteract the rapid decline in environmental qual-
ity is to promote sustainable agriculture. The objective is to sustain high production
with the gradual reduction in the use of fertilizers and pesticides and the greater use
of the biological and genetic potential of plant and microbial species. In this sense,
the strategies that relay on sustainable agricultural techniques do not harm the envi-
ronment or health, not only for animals and human beings but also for soil.

24  Using Microbes to Attain Higher Benefits in Sustainable
Agriculture

2.4.1 Beneficial Microbial Modes of Action on Plants

The application of PGPR as biofertilizers and biocontrol agents is being considered
as an alternative or supplemental way of reducing the use of chemicals in crop pro-
duction (Kloepper et al. 1989; Vessey 2003; Maheshwari 2011). In addition to the
plants ability to modify their physiology and metabolism, certain rhizosphere
microorganisms can help plants to either avoid or partially overcome environmental
stresses (Govindasamy et al. 2008). PGPR that were isolated from heavy metal pol-
luted soils are able to enhance plant growth and development under heavy metal
stress conditions, such as in the presence of arsenic (Reichman 2014), cadmium
(Guo and Chi 2014), or both zinc and cadmium (Pereira et al. 2015). This line of
research is oriented to soil bioremediation attaining in addition a boost effect on
crop growth.

Sustainable approaches are those that not only aim to improve short-term crop
yields but also to assure the maximum long-term performance, protecting the ecol-
ogy of agricultural systems and the interests of the farmers. The so-called microbial
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technologies deal with restructuring the crop rhizosphere by inoculating crops with
beneficial microorganisms and using cultural practices that enrich indigenous ben-
eficial ones. The long-term sustainability of agricultural systems is highly depen-
dent on effective handling of the indigenous resources of agroecosystems. Actual
methods, used to investigate microbial structure and composition, include culture-
dependent and molecular methods. The first ones can detect less than 1 % of the
microorganisms present in soil. The second ones include high-throughput DNA-
sequencing techniques with the potential to detect, cost-effectively, low abundant
uncultivable microbial species (Roesch et al. 2007). Another tool is the phospho-
lipid fatty acids profiles determination that provides a wide-ranging measurement of
microbial communities at the phenotypic level. Although these profiles do not give
information on species composition, they reveal the fingerprint of community struc-
ture. Actually, they are considered as a robust tool that consistently discriminates
between different communities (Kaur et al. 2005). During the last 20 years, the new
biotechnologies have opened new scenes for the enhancement of sustainable agri-
culture production. These advances have made possible to take advantage of soil
microorganisms for improving crop productivity. They also offer an economically
attractive and ecologically viable choice to reduce external inputs.

When applied as inoculants, the so-called PGPR enhances plant growth by a
wide variety of mechanisms that have been classified by their direct or indirect
modes of action. The first comprises the production of bacterial metabolites, mainly
phytohormones, that stimulate plants (Dobbelaere et al. 2003) but also include vola-
tiles (Ping and Boland 2004; Santoro et al. 2015) and signal molecules like nitric
oxide (Creus et al. 2005; Molina Favero et al. 2008). Lowering the ethylene level in
plants (Glick et al. 2007), improving the plant nutrient status by mobilizing nutri-
ents in soils or fixing atmospheric N (Hayat et al. 2010), and stimulating disease
resistance in plants by triggering induced systemic resistance response (Van Wees
et al. 1997) are also direct modes of action. Indirect effects are originated on the
ability of some PGPR to constraint other soil microbes thus giving pathogenic ones
less chance to develop (Lugtenberg and Kamilova 2009).

Both symbiotic and nonsymbiotic associations between organisms in the rhizo-
sphere rely on interacting factors and chemical signals that operate on time and
space scales. Among these, compounds of hormonal nature play major roles. To
make the picture more complex, all these factors vary with water content, tempera-
ture, nutrients and soil structure, and others (Molina Favero et al. 2007).

2.4.2 Microbial Inoculants as Components in Current
Agronomical Practices

The progress made in the last three decades in the understanding of the diversity of
PGPR, along with their colonization abilities, and modes of action has facilitated
their application as a new component in the management of sustainable agricultural
systems. The practical application of living bacteria as inoculants was quite contro-
versial from the beginning, because the response of crops is not completely
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predictable and depends on many ecological and agro-technological factors.
Nevertheless, much progress has been made in this field, leading to an ever-growing
and successful application of rhizobacteria in several regions of the world, especially
in South and Central America. Diverse symbiotic (Rhizobium, Bradyrhizobium,
Mesorhizobium) and nonsymbiotic (Pseudomonas, Bacillus, Klebsiella,
Azotobacter, Azospirillum) rhizobacteria are now being used worldwide as inocu-
lants to promote plant growth and/or to protect crops and attain higher yields.

There are a number of studies revealing the benefits of bacterial inoculation even
though chemical application is accomplished as a current agronomical practice.
Beneficial bacteria showed certain and variable grade of compatibility with herbicides
(Ahemad and Khan 2010, 2011a), insecticides (Ahemad and Khan 2011b, ¢), and
fungicides (Pereyra et al. 2009; Ahemad and Khan 2011d, 2012) even under stress
conditions like soil heavy metal contamination (Wani and Khan 2010; Ma et al. 2011),
salinity (Mayak et al. 2004), or water stress (Creus et al. 2004; Pereyra et al. 2009).

The leading countries in field applications of PGPR are Mexico with estimated
300,000 ha inoculated fields in 2007 and Argentina where over 220,000 ha of wheat
and corn were commercially inoculated with Azospirillum in 2008 (Bashan and
Hartmann 2009). Particularly, Azospirillum sp. has been commercially used on a
relative large scale in Argentina, Mexico, Europe, South Africa, and India, mainly
on cereals but also on other crops (Fuentes-Ramirez and Caballero-Mellado 2005;
Bashan and Hartmann 2009; Diaz-Zorita and Fernandez-Canigia 2009). Many of
these studies showed promising results as “Microbial Technologies.”

Regarding on the benefits they induce on crops, PGPR can be classified as phy-
tostimulators, biofertilizers, and biocontrol agents, depending on the proposed use
of the commercial product. Nevertheless, certain groups of bacteria show overlap-
ping applications. Here, we describe proved cases of the application of PGPR on
crops that can be ascribed to one or more of these groups.

2.4.2.1 Phytostimulators

A major goal to improve agricultural performance and increase food production is
to attain high yields, even at low soil fertility or without intensive fertilization. To
achieve this goal, root development and physiology appear to be central. Roots are
dynamic anchorages of plants. They not only support the whole plant growth but
also its physiological activity. Treatments to achieve greater adventitious rooting,
increased number of lateral roots, higher length, and density of root hairs are targets
of many research projects in plant biology (Molina Favero et al. 2007). It is gener-
ally accepted that root activity modifies the habitat of microorganisms and these, in
turn, could trigger changes in the overall plant behavior. Some PGPR stimulate
plant growth directly by the production of substances that mimic plant hormones.
However, to produce these stimulatory effects on plants, the first step is the proper
root colonization by bacteria that attach to root surface forming clumps or biofilms
on it (Salcedo et al. 2015). As a primary target, root is the organ that shows the first
stimulating bacterial effects. This is particularly remarkable in plants inoculated
with Azospirillum spp. (Okon 1985).
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The production of plant growth regulators, mainly auxins, cytokinins, and
gibberellins, is the most commonly invoked mechanism for plant growth promotion
exerted by PGPR (Bashan and de Bashan 2010). Auxin, cytokinin, gibberellin,
abscisic acid, and jasmonate production has been reported in several associative and
endophytic diazotrophic species of many genera such as Azospirillum, Klebsiella,
Gluconacetobacter,  Azoarcus,  Herbaspirillum,  Enterobacter,  Bacillus,
Achromobacter, Acetobacter, Burkholderia, Pseudomonas, Serratia, Xanthomonas,
and Azotobacter (Ping and Boland 2004; Tsavkelova et al. 2006; Baca and Elmerich
2007). Auxins and cytokinins are important regulators of plant development, regulat-
ing processes involved in the determination of the root architecture (Overvoorde et al.
2010). Nevertheless, auxins are thought to play the major role in stimulating root
growth by rhizobacteria (Dobbelaere et al. 2003). Cytokinins play important roles for
plant developmental processes from seed germination to senescence, including main-
tenance of stem cell systems in shoots and roots, organogenesis, leaf senescence, and
interacting with auxins both participate in root vascular development and the control
of shoot branching (Castillo et al. 2015). Early work from Barea et al. (1976) found
that at least 90 % of the bacteria isolated from the rhizosphere of important crops were
able to produce cytokinin-type compounds in chemically defined medium.

Gibberellins play an important role in the early stages of plant development by
enhancing shoot and root growth and increasing root hair density, though they also
regulate many aspects of reproductive growth in plants. Bottini et al. (1989) were
the first to confirm the ability of Azospirillum sp. to produce gibberellins in chemi-
cally defined culture medium. Gibberellic acid production and their conjugates
metabolism by Azospirillum sp. were summarized by Bottini et al. (2004).

Experiments with IA A-attenuated mutant bacteria inoculated on wheat (Barbieri
and Galli 1993; Dobbelaere et al. 1999) or those carried with dwarf rice or maize
deficient in the production of physiologically active gibberellins (Castillo et al.
2015) are strong evidence that the production of phytohormones by associated bac-
teria accounts for the phytostimulatory effects. In addition, the study of the expres-
sion profiles of inoculated plants would help to understand the complex metabolic
changes produced upon inoculation. The transcript profile of in vitro grown sugar-
cane inoculated with G. diazotrophicus and H. rubrisubalbicans revealed differen-
tially expressed genes related to auxins, gibberellins, and ethylene (Nogueira et al.
2001). The transcriptional profile of rice plants inoculated with H. seropedicae
identified expressed sequence tags (ESTs) involved in auxins and ethylene path-
ways that are regulated during the association (Brusamarello-Santos et al. 2012).

Apart from the production of plant growth regulators, the decrease in the levels
of ethylene in inoculated plants is another proposed phytostimulatory effect (Glick
2004). Some rhizosphere and endophytic bacteria produce the enzyme 1-aminocyc
lopropane-1-carboxylate deaminase (ACC deaminase). The activity of ACC deami-
nase can reduce ACC content from the ethylene biosynthesis pathway in plants
(Desbrosses et al. 2009). ACC deaminase-containing rhizobacteria bound to a plant
act as a sink for ACC, thereby lowering ethylene levels in plant tissues. The result
of the functioning of this enzyme is an increase in the growth of plant roots and
shoots and a reduction of the inhibitory effects of ethylene synthesis especially dur-
ing stressful conditions (Glick 2004).
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The phytostimulatory effects of PGPR on plants were also studied in greenhouse
and field conditions. Experiments involving Azospirillum inoculation during the
1990s were carried out in many countries including Israel, France, Belgium,
Argentina, Uruguay, Mexico, and South Africa. These experiments’ results were
summarized in two interesting reviews by Okon and Labandera-Gonzélez (1994)
and Dobbelaere et al. (2001). They concluded that inoculation with Azospirillum
resulted in significant yield increases in the magnitude of 5-30 % in about 60-70 %
of the experiments. The beneficial effects were mainly observed in lighter soils
under intermediate levels of fertilizer (N, P, and K) and water regimes. These pio-
neer reviews on the application of bacteria at the field lead to establish the first basis
for designing larger experiments to assess the conditions and management practices
for attaining positive and reproducible results.

Veresoglou and Menexes (2010) concluded in an excellent report on a meta-
analysis conducted on 59 available articles to evaluate the extent, to which
Azospirillum might contribute to wheat growth properties, that a mean increase of
8.9 % in seed yield and of 17.8 % in aboveground dry weight resulted from inocula-
tion of wheat with Azospirillum. Other crops like corn, sorghum, rice, and legume
showed yield increases in ranges from 5 % to 30 % over non-inoculated controls
(Dobbelaere et al. 2001; Diaz-Zorita and Fernandez-Canigia 2009; Hungria et al.
2010; Helman et al. 2011).

2.4.2.2 Biofertilizers

Apart from the described increasing effects on growth and yield, PGPR application
might also enhance nutrient uptake from soils, thus reducing the need for fertilizers
and preventing water contamination with nitrate and phosphate accumulation in
agricultural soils (Bashan and de Bashan 2010). The expanded root system can
improve the efficiency of the uptake of soil nutrients and fertilizers. This can be
accomplished either by increasing the volume of explored soil or by enhancing
nutrients uptake rates per root surface unit. The first possibility is the best estab-
lished for PGPR as the better exploration of soil allows a major accessibility to
micro-sites where low mobile nutrients could be enriched. A reduction in fertilizer
application would lessen the effects of water contamination from fertilizers and lead
to economical savings for farmers. These savings would increase the cost/benefit
ratio, a crucial aspect for sustainable agriculture in many developing countries.
Symbiotic processes leading to enhanced N fixed by Rhizobium and Bradyrhizobium
species or P availability by mycorrhizal fungi have been the most studied up today.
These two genera of microorganisms are well known, and many researchers have
shown the contribution in N and P, respectively.

Though in less magnitude, associative nonsymbiotic bacteria can contribute for
fixing N (Welbaum et al. 2004) or remobilizing of nonmobile P sources by acid
production (Ahemad and Kibret 2014). When applied from outside as inoculants,
PGPR facilitate resource acquisition (N, P, and essential minerals). In this sense, the
theoretical needs of chemical inputs could be decreased. Nevertheless, the balance
of P and other elements is a long-term variable that must be analyzed to determine
if the system is sustainable. Although the cumuli of knowledge in PGPR effects and
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their modes of action are very large, actually the information on practical biofertil-
ization techniques to lesser chemical inputs is still scarce.

A two-season field study was performed in the south of Vietnam to assign the
effects of a product containing a pseudomonad, two bacilli and soil yeast, on rice.
Results indicated that application improved significantly the N use efficiency by
rice, saving 43 kg N ha~! with an additional yield of 270 kg ha~! in the two consecu-
tive seasons (Cong et al. 2009). The extra efficiency was shown by the fact that both
treatments, biofertilizer with the application of about 40 and 60 kg less N-fertilizer
and urea alone full dose, reached the same maximum yields in two successive har-
vests on the same plots (Cong et al. 2009).

Results obtained from a 3-year field research conducted to test whether micro-
bial inoculants could be used to increase maize yield and to enhance nutrient uptake
were published by Adesemoye et al. (2008). They showed that inoculated plots
removed higher amounts of N, P, or K from the soil, potentially reducing nutrient
losses to the environment.

In a large study conducted during 2002-2006 growing seasons, the performance
of a commercial inoculant based on INTA Az-39 strain of A. brasilense was evalu-
ated in 297 experimental field trials in the Pampas region of Argentina (Diaz-Zorita
and Ferndndez-Canigia 2009). At all sites, the sown wheat varieties were regionally
adapted and recommended for high yielding environmental and crop management
conditions. N and P fertilization were applied when necessary according to recom-
mendations based on chemical soil analysis and suggested protocols for each local
site. Wheat grain yield from those 297 experimental sites varied in a range from 850
to 8050 kg ha~! according to the management. The yield average increase was
260 kg ha™!, equivalent to 8.0 % of the mean wheat yield attained under the dry land
farming conditions found in the region. Positive responses were determined in about
70 % of the sites, depending mostly on the attainable yield, and independently of
fertilization and other crop, and soil management practices. This is in agreement
with the reported efficiency estimated from green house and field studies conducted
in different parts of the world (Okon and Labandera-Gonzalez 1994; Dobbelaere
et al. 2001). The interaction between inoculation and N and/or P fertilization was
also analyzed. As it was expected, fertilized wheat yield was enhanced with respect
to that of unfertilized crop. However, regardless of the fertilization practice, inocu-
lation significantly and positively affected yield, with mean yield responses of 259
and 260 kg ha™! for unfertilized and fertilized wheat, respectively.

Sugarcane inoculation with G. diazotrophicus also resulted in improved N uptake
(Suman et al. 2005). Studies on rice inoculated with ten different associative and endo-
phytic diazotrophs, including Paenibacillus sp., Bacillus sp., Burkholderia sp.,
Herbaspirillum sp., and Azorhizobium sp., indicated that bacterial inoculation had a sig-
nificant positive impact on N uptake and on shoot and root growth (Islam et al. 2009).

Despite of the large reservoir of P on earth, the amount of soil available P-forms
to plants is generally low because the majority of soil P is found in insoluble forms,
while plants absorb it only as soluble ionic phosphates (Bhattacharyya and Jha 2012).
Organisms coupled with phosphate-solubilizing activity often termed as phosphate-
solubilizing microorganisms may provide the available forms of P to the plants and
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hence comprise a viable substitute to chemical P fertilizers (Khan et al. 2006).
Bacteria of the genera Agzotobacter, Bacillus, Beijerinckia, Burkholderia,
Enterobacter, Erwinia, Flavobacterium, Microbacterium, Pseudomonas, Rhizobium,
and Serratia are reported as the most significant phosphate-solubilizing bacteria
(Bhattacharyya and Jha 2012).

The increment of plant P nutrition by inoculation with PGPR can be explained
by different mechanisms. One is the capability these soil bacteria have to solubilize
inorganic P as a consequence of the action of low molecular weight organic acids
they are able to synthesize and excrete (Zaidi et al. 2009). Another different mecha-
nism is the mineralization of organic P that occurs through the synthesis of a variety
of different phosphatases, catalyzing the hydrolysis of phosphoric esters.
Nevertheless, both mechanisms can coexist in the same bacterial strain (Ahemad
and Kibret 2014).

Many strains of Pseudomonas are able to solubilize P in soil and increase its
availability to plants (Sundara et al. 2002). The beneficial effects of the inoculation
with phosphate-solubilizing bacteria as single or combined inoculants are well doc-
umented (Ahemad and Kibret 2014). Positive results of inoculation with phosphate-
solubilizing bacteria of soybean (Fernandez et al. 2007), sorghum (Vikram 2007),
wheat (Afzal and Bano 2008), and many other crops were reported.

Seed inoculation with H. seropedicae enhanced the N content in leaf of maize
(12 %) under soil acidity conditions without N supply (Inagaki et al. 2015).
Inoculation of PGPR in acidic sandy soil (4.5-5.0 pH) resulted in higher P concen-
tration in the leaf tissue of maize, indicating increase of P solubilization promoted
by the diazotrophic bacteria (Inagaki et al. 2015).

Microorganisms such as those of the genera Aspergillus, Bacillus, and Clostridium
were found to be efficient in potassium solubilizing by excreting organic acids that
directly dissolve rock potassium or chelate silicon ions to solubilize and mobilize it
in different crops (Mohammadi and Sohrabi 2012; Parmar and Sindhu 2013).
Nevertheless, little research has been done on potassium solubilization, which is the
third major essential macronutrient for plant growth.

By the other side, iron is an essential compound for most living organisms.
However, despite its abundance on earth, and the micromolar concentrations
required for cell growth, it is biologically unavailable in most environments. Its
availability in nature is limited by the rapid oxidation of the ferrous form to the very
insoluble ferric form, which aggregates into insoluble oxy-hydroxide polymers.
Also reduced ferrous form might induce Fenton reaction producing free radicals
which are deleterious to cellular macromolecules (Halliwell and Gutteridge 1984).
To fulfill their iron needs, bacteria have multiple iron acquisition systems. One of
relevant importance for rhizobacteria relies on molecules (siderophores and hemo-
phores) synthesized and released by bacteria into the extracellular medium; these
molecules scavenge iron or heme from various sources (Wandersman and
Delepelaire 2004). Siderophores are low molecular weight compounds produced by
microorganisms under limited availability of iron. These compounds are able to
bind iron from the environment and to transfer it into the bacterial cell (Stintzi et al.
2000). Studies with PGPR showed that siderophore-mediated iron uptake systems
present in these microorganisms exert a strong influence on the whole microbial
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community that can be quite beneficial to the plant (Kloepper et al. 1980). Yet in
spite of many researches, it remains to be elucidated if the true effect relies on a
better plant iron nutrition or if it is a biocontrol on the pathogenic bacteria for the
quest of iron in the rhizosphere. The probable implication of siderophores produced
by PGPR has been considered as a potential way to improve plant growth, nodula-
tion, and N, fixation in iron-deficient conditions (Ferndndez-Scavino and Pedraza
2013). Plants assimilate iron from bacterial siderophores by means of different
mechanisms, for instance, chelate and release of iron, the direct uptake of sidero-
phore-Fe complexes, or a ligand exchange reaction. Pandey et al. (2005) observed
that Pseudomonas aeruginosa GRC1, a prolific producer of hydroxamate-type sid-
erophores in iron-deficient conditions enhanced the growth of Brassica campestris
in field trials. More recently, Radzki et al. (2013) showed that siderophores pro-
duced by Chryseobacterium C138 provided iron to iron-starved tomato plants in
hydroponics culture.

2.4.2.3 Biological Control Agents

Some root-colonizing bacteria are able to both suppress disease in host plants by the
production of inhibitory compounds that restrain soil pathogen growth and, at the
same time, stimulate growth and defense responses in host plants. Biological con-
trol is, thus, considered as an alternative or a supplemental way of reducing the use
of chemicals in agriculture (Gerhardson 2002; Lugtenberg and Kamilova 2009).

The mechanism of pathogen growth inhibition is due to diverse metabolic abili-
ties of biocontrol bacteria that produce inhibitory allelochemicals. These com-
pounds include iron-chelating siderophores, antibiotics, and antifungal metabolites
like HCN, phenazines, pyrrolnitrin, 2,4-diacetylphloroglucinol (DAPG), pyoluteo-
rin, viscosinamide, and tensin (Compant et al. 2005; Bhattacharyya and Jha 2012).
Biocidal volatiles, lytic enzymes, and detoxification enzymes produced by some
bacteria are also other metabolic biocontrol compounds (Compant et al. 2005).

As it was stated in the preceding section, iron is an essential element with low
bioavailability. Under iron-limited conditions, the strongly producers of sidero-
phores are correlated with an enhanced capacity to niche occupancy required by
many rhizobacteria. Although various bacterial siderophores differ in their abilities
to bind iron, in general, they deprive pathogenic fungi of this essential element since
the fungal siderophores have lower affinity (Compant et al. 2005).

Pseudomonas spp. are ubiquitous bacteria in agricultural soils and have many traits
that make them well suited as biocontrol agents of soilborne pathogens (Weller 2007).
Weller (2007) proposed that pseudomonads are able to improve plant growth by sup-
pressing either “major” pathogens (produce well-known root or vascular diseases with
obvious symptoms) or “minor” pathogens (parasites or saprophytes that damage
mainly juvenile tissue such as root hairs and tips and cortical cells). In addition to pseu-
domonads, the genus Bacillus is widely recognized as a powerful biocontrol agent.
B. subtilis and other bacilli are potentially useful as biocontrol agents due to their broad
host range and their ability to form endospores and to produce different biologically
active compounds with a broad spectrum of activity (Nagorska et al. 2007).

On the other hand, colonization of roots with PGPR can lead to systemic resis-
tance in the plant providing protection against several types of pathogenic diseases.
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The protection is typically manifested as both a reduction in disease symptoms and
an inhibition of pathogen growth. This process appears to be phenotypically similar
to pathogen-induced systemic acquired resistance. This effect of rhizobacteria is
referred to as an induced systemic resistance (ISR) and has been demonstrated in
different plant species, e.g., bean, carnation, cucumber, radish, tobacco, and tomato,
and in the model plant Arabidopsis thaliana (Van Wees et al. 1997). Elicitation of
ISR by plant-associated bacteria was initially demonstrated using Pseudomonas
spp. and other Gram-negative bacteria (van Loon and Glick 2004). Various specific
strains of Bacillus also elicit a significant reduction in the incidence or severity of
various diseases on a diversity of hosts (Kloepper et al. 2004). Many individual
bacterial components induce ISR, such as lipopolysaccharides, flagella, sidero-
phores, cyclic lipopeptides, DAPG, homoserine lactones, and volatiles like acetoin
and 2,3-butanediol (Lugtenberg and Kamilova 2009).

Root inoculation of A. thaliana ecotype Columbia with Pseudomonas fluores-
cens CHAOQ partially protected leaves from the oomycete Peronospora parasitica
(Tavicoli et al. 2003). Using mutants derived from strain CHAO (pyoverdine defi-
cient, exoprotease deficient, HCN deficient, pyoluteorin deficient, or DAPG defi-
cient), it was demonstrated that DAPG production in Pseudomonas fluorescens is
required for the induction of ISR in Peronospora parasitica (Iavicoli et al. 2003).
Although DAPG is a known antifungal compound, it was also demonstrated to
affect the physiology of plants and other eukaryotes (Keel et al. 1992). Although the
mode of action of DAPG is not fully understood, it inhibited primary root growth
and stimulated lateral root production in tomato seedlings (Brazelton et al. 2009). In
this sense, there seems to be overlapping effects of some secondary metabolites.
Apart from exerting direct biocontrol by competing with pathogens for the resources
or the niche occupancy, they can also stimulate the host growth or induce ISR.

Whatever the mechanism involved in the control, the ability of biocontrol agents
to compete in the rhizosphere is crucial to produce their benefits when commercial
products are applied in the field. This competence comprises effective root coloni-
zation combined with the ability to survive and proliferate along growing plant roots
over a considerable period, in the presence of the indigenous microflora (Parke
1991; Lugtenberg et al. 2001). Given the importance of rhizosphere competence as
a prerequisite for an effective biological control, understanding root-microbe inter-
action, and the genetic and environmental factors that affect rhizosphere coloniza-
tion, will significantly contribute to improve the efficacy of products based on
biocontrol agents.

2.5  Azospirillum as a Model Rhizotroph

Among PGPR, the species of Azospirillum have gained the reputation of being the
most studied plant-associative bacteria (Bashan et al. 2004). When present in plants
in proper amounts, they stimulate the density and length of root hairs, the rate of
appearance of lateral roots, and root surface area (Okon and Labandera-Gonzélez
1994). These effects cause roots to take up more water and mineral nutrients
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resulting in faster plant growth. Under appropriate agronomic conditions, these pro-
cesses would increase crop yield (Creus et al. 2004). In general, they contribute to
reduce the burden of soil nutrient loss in arable lands, to counteract part of the nega-
tive effects of water and saline stresses on plant growth, and to help plants avoid or
minimize contaminant uptake (Barassi et al. 2007). Moreover, in view of the high
input of agrochemicals in contemporary crop production and the likelihood that
Azospirillum inoculation could be regularly used in the near future in regular crop
production, studies on the interaction of Azospirillum inoculants with common pes-
ticides are essential (Pereyra et al. 2009).

Azospirillum spp. are included into the alpha subclass of Proteobacteria belong-
ing to the IV rRNA superfamily (Xia et al. 1994). After the recent reclassification of
Azospirillum irakense to Niveispirillum irakense and Azospirillum amazonense to
Nitrospirillum amazonense based on their polyphasic taxonomic characteristics, at
present this genus encompasses 15 valid species (Young et al. 2015). A. brasilense
is the most used as biofertilizer. Azospirillum is not a plant-specific bacterium but a
general root colonizer. Although it has first been isolated from and studied on cereal
crops, at present there are more non-cereal species successfully inoculated with
Azospirillum (Bashan and de Bashan 2010).

Azospirillum congregates several characteristics present in different microorgan-
isms that make it a valuable PGPR. The very first studies on Azospirillum-inoculated
subtropical grasses (Z. mays, O. sativa, and forages such as Digitaria spp.) attrib-
uted the growth promotion effects primarily to the biological N, fixation exerted by
the bacteria (Dobereiner and Day 1976). Even though this characteristic could be
extremely valuable in agriculture, later field studies failed to demonstrate a signifi-
cant N, fixation in Azospirillum-inoculated crops (Vande Broek et al. 2000). Further
studies ascribed the positive bacterial effects on plants to morphological and physi-
ological changes in the inoculated roots, which would lead to an enhancement of
water and mineral uptake (Okon and Kapulnik 1986). Azospirillum brasilense pro-
duces plant growth regulators mainly IAA, which is associated with the beneficial
effects observed after inoculation (Baca and Elmerich 2007). Several mechanisms
have been postulated to explain how Azospirillum enhances growth and develop-
ment of plants (Bothe et al. 1992; Bashan and Holguin 1997; Steenhoudt and
Vanderleyden 2000; Bashan and de Bashan 2010). Nevertheless, to date no unique
mechanism had been established to explain the growth promotion capability of
these bacteria. Instead, the most accepted hypothesis postulates that a sum of events
accounts for the general plant growth promotion effect (Bashan and Holguin 1997).

It was previously reported that the cell wall is a target for A. brasilense growth
promotion (Creus et al. 2004; Pereyra et al. 2010). Plant cell growth is constrained
by the primary cell wall which consists of cellulosic microfibrils embedded in a
matrix of interwoven noncellulosic polysaccharides and proteins. Cucumber seeds
inoculated with Azospirillum resulted in seedlings presenting larger hypocotyls.
Cell wall dynamics of these inoculated plants was affected including greater acid-
induced cell wall extension and lower activity of two important enzymes from the
cell wall metabolism, NADH oxidase and ferulic acid peroxidase (Pereyra et al.
2010). These lesser activities, coupled with a lesser content of ferulic acid,
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responsible of the stiffening of the cell wall, could be another mechanism account-
ing for the growth promotion induced by Azospirillum (Dal Lago et al. 2015).

These and other physiological changes observed in the inoculated plants sub-
jected to abiotic stresses were reported. Azospirillum-inoculated wheat (7. aesti-
vum) seedlings subjected to mild osmotic stress developed significant higher
coleoptiles, with higher fresh weight and better water status than non-inoculated
seedlings (Alvarez et al. 1996; Creus et al. 1998). A larger root system was evident
in Azospirillum-inoculated wheat seedlings growing either under well-irrigated or
water stress conditions (Pereyra et al. 2006). It was also proved that part of the nega-
tive effects, mild and severe salt stresses would cause on wheat seedlings were sig-
nificantly reversed in Azospirillum-inoculated roots (Creus et al. 1997). Fresh
weight, fresh weight/dry weight, water content, and relative water content were
higher in shoots from inoculated plants than in stressed controls (Creus et al. 1997).
Vessel size has an important role in the adaptation to water stress environmental
conditions. A. brasilense-inoculated wheat seedlings showed wider xylem vessels
and less negative water potential in their coleoptiles when grown exposed to osmotic
stress (Pereyra et al. 2012). The induction of wider xylem vessels by inoculation
might imply an enhanced coleoptile hydraulic conductance which in turn could
explain the better water status observed in plants. Indeed, field experiments carried
out with different Azospirillum strains in S. bicolor, Z. mays, and T. aestivum have
shown significantly increased yields, enhanced mineral uptake, and less canopy
temperature (Sarig et al. 1988; Okon and Labandera-Gonzdlez 1994; Casanovas
etal.2003; Creus et al. 2004). In this sense, inoculation technology with Azospirillum
could be extended to arid soils to protect crops against drought. Under drought con-
ditions, inoculated plants responded in a different way to water stress compared to
non-inoculated ones. They showed significantly higher water content, relative water
content, water potential, apoplastic water fraction, and lower cell wall modulus of
elasticity values (Creus et al. 2004).

Although Azospirillum is not considered to be a classic biocontrol agent of soil-
borne plant pathogens, there have been reports on moderate capabilities of A. brasi-
lense in biocontroling crown gall-producing Agrobacterium (Bakanchikova et al.
1993), bacterial leaf blight of mulberry (Sudhakar et al. 2000), and bacterial leaf
and/or vascular tomato diseases (Bashan and de-Bashan 2002a, b). In addition, A.
brasilense can restrict the proliferation of other nonpathogenic rhizosphere bacteria
(Holguin and Bashan 1996).

It is agreed that the benefits Azospirillum imposes on plants rely upon root colo-
nization. In this sense, the formation of complex bacterial communities on the roots,
known as biofilms, is crucial. Previous studies showed that nitric oxide production by
A. brasilense Sp245 was responsible, at least in part, of the effects on root growth and
proliferation (Creus et al. 2005). Nitric oxide is also a signaling molecule implicated
in biofilm formation and was shown to regulate the formation of biofilm in A. brasi-
lense Sp245 (Arruebarrena di Palma et al. 2013). Biofilm dynamics is of enormous
importance for Azospirillum to exert beneficial effects on plants. So, the mechanisms
operating in these phenomena are intensively and actively investigated.

Finally, in the last years, biofertilizers composed of mixed species are being
used. They showed a better impact in crop yields than single species ones.
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Ruiz-Séanchez et al. (2011) reported that rice inoculation with Glomus intraradices
and A. brasilense increased growth under water stress. Combined formulations
based on pseudomonads, Azospirillum, and many other PGPR microorganisms are
also available for agronomic purposes. However, still little information is available
about interspecies and multispecies interactions. There are several field experiments
of single species seed inoculation with Azospirillum or Pseudomonas, but there is
really very limited agronomical data regarding co-inoculation with both microor-
ganisms (Valverde et al. 2015). A series of field trials with dual inoculation was
conducted in Argentina during the seasons 2010-2013. The performance of A.
brasilense single inoculation was compared to a combined formulation containing
also P. fluorescens in wheat and corn fields. In all cases, A. brasilense alone or in
combination with P. fluorescens had a positive effect on plant biomass at all three N
fertilization levels essayed. The potential yield predicted was higher for dual inocu-
lation, mainly when N-fertilizer was applied.

Thought, the number of spikes per m?, a good predictor of the potential yield,
was higher for dual inoculation, mainly when N-fertilizer was applied. This effect
was translated into higher grain yield for dual inoculation than for single A. brasi-
lense application (Valverde et al. 2015). The same effect on maize yield was
observed in many locations, with or without N fertilization, though always major
effect is observed under slight N fertilization. In a study conducted during 2009
growing season, the performance of a commercial combined inoculant based on
INTA Az-39 strain of A. brasilense and P. fluorescens was evaluated in the presence
of different levels of N, in an experimental field trial in Balcarce, Argentina. The
sown maize variety was regionally adapted and recommended for high yielding
environmental and crop management conditions. P fertilization was not necessary,
and N (urea) was applied at sown, in three treatments: no N, half the dose (125 kg
ha'), and complete dose (250 kg ha™'), according to recommendation based on
chemical soil analysis. Grain yield varied in a range from 9930 to 11,995 kg ha™!
according to the treatment (Fig. 2.1). The percentage of yield average increases due
to inoculant application were 3.3 %, 16.6 %, and 2.5 % when no N, half dose, and
complete dose were applied (Table 2.1). This result is a clear picture of the benefit
inoculation exerts, in view of the achievement of greater yields reducing N applica-
tions. Co-inoculation is a promising field to be considered in the development of
new biofertilizers.

2.6 Outlook and Conclusion

Organic farming differs from conventional agriculture in the production process,
and it relies on techniques such as crop rotation, green manure, and biological pest
control to maintain the soil productivity instead of chemical fertilizers and pesti-
cides (Zhengfei et al. 2005). Several researchers have demonstrated that organic
farming leads to improved soil quality with higher microbiological activity (Nautiyal
2012). Research must be focused in exploring bacterial structure, including PGPR
consortium changes under different cropping practices and systems, and get a better
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Fig. 2.1 Yield (kg ha™') of Zea mays inoculated with a formulation containing A. brasilense and
P. fluorescens with three different doses of N-fertilizer applied as urea: 0-N, no urea applied; ¥2-N,
half dose; and N, complete dose according to recommendation based on chemical soil analysis.
Bars represent averages of four blocks as replicas. Small bars are standard deviation. Different
letters within each level of N fertilization represent significant differences (p < 0.05) according to
Duncan test

Table 2.1 Percentage of yield increase over non-inoculated control for each N-level

N fertilization urea
0-N 2 -N N
Increase over non-inoculated 33 % 16.6 % 2.5 %

understanding on how to build soil holistic ecology to maintain the health and pro-
ductivity of plants. Long-term experiences have shown that neither the organic
manure nor the chemical fertilizers alone can achieve sustained high yields.
Integrated use of organic manures, biofertilizers, and chemical fertilizers, therefore,
remains the only promising option in improving crop productivity.

Sustainable agriculture strategies should maintain the biodiversity of PGPR in the
soil which might be affected by agricultural practices (Mider et al. 2002; Esperschutz
et al. 2007; Sugiyama et al. 2010). Studies aimed to understand and integrate plant
responses during association, based on the profiling of plant gene expression, are a
great help. New alternatives should be taken in mind for the use of bioinoculants.
Some of them might include extending the technology to other valuable crops such
as fruits, vegetables, and flowers, developing new formulations, and including multi-
strain bacterial consortia. Also the optimization of growth conditions, self-life of
PGPR products, and application alternatives should be considered.
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Pseudomonadaceae: From Biocontrol
to Plant Growth Promotion
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Abstract

Pseudomonas spp. are aerobic, Gram-negative bacteria that are ubiquitously
found in soils. They are particularly well suited for plant root colonization and
many strains display plant growth-promoting and/or biocontrol activity against
various plant pathogens. Their ability to metabolize a wide array of nutrients,
their rapidity and ease of growth and their natural abundance in variety of plant-
soil environments make them promising organisms for the development of com-
mercial biocontrol and biofertilizer products. In this chapter, we will discuss
their diversity, genetics and ecology, while putting special emphasis on the
mechanisms involved in biocontrol and/or plant growth promotion. Recent prog-
ress in genomics and transcriptomics, as well as future research on these organ-
isms will also be discussed.

3.1 Introduction

The rhizosphere is the narrow zone of soil, influenced by a plant’s root system (Rainey
1999). This zone is rich in nutrients when compared with the bulk soil due to the
accumulation of a variety of plant exudates, such as amino acids and sugars, providing
a rich source of energy and nutrients for bacteria (Gray and Smith 2005). This situa-
tion is reflected by the number of bacteria, commonly referred as rhizobacteria
(Schroth and Hancock 1982), that are in the rhizosphere, generally 10100 times
higher than that in the bulk soil (Weller and Thomashow 1994). It has been deter-
mined that only 1-2 % of bacteria are able to promote plant growth in the rhizosphere
(Antoun and Kloepper 2001) and these bacteria are known as plant growth promoting
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rhizobacteria (PGPR). The metabolites produced by PGPR can either directly improve
plant growth or indirectly improve plant growth by minimizing the effects of soil-
borne plant pathogens, a concept known as biocontrol. In some cases, biocontrol can
also be observed alone without plant growth promotion, while both mechanisms often
operate together. Some methods of direct plant promotion include production of the
phytohormone auxin (Patten and Glick 2002), decrease of plant ethylene levels (Glick
2012) or increase in iron availability through the effects of siderophores (Cézard et al.
2015). Biocontrol mechanisms can include competition, antibiosis (Podile and
Kishore 2006) and induced systemic resistance (ISR; Bakker et al. 2007). Bacteria
belonging to diverse genera have been identified as PGPR, of which Pseudomonas
spp. and Bacillus spp. are predominant (Podile and Kishore 2006).

3.1.1 The Pseudomonadaceae

Pseudomonas spp. belong to the Pseudomonadaceae, which is a large bacterial fam-
ily. Created in 1917 by Winslow and colleagues, it belongs to the class of
Gammaproteobacteria (Winslow et al. 1917). These organisms are free-living bac-
teria that are commonly found in water and soil environments. Pseudomonadaceae
encompasses four bacterial genera: Pseudomonas, Xanthomonas, Gluconobacter
and Zooglea. The Pseudomonas genus was defined earlier than its family by Migula
in 1894 (Migula 1894). At that time, distinction between genera was achieved using
bacterial morphological properties. Pseudomonas spp. were defined as non-
sporulating rod-shape cells which are usually motile. Taxonomy based solely on
phenotypical traits was then replaced, due to advances in sequencing technologies,
by a classification of Pseudomonas species into five “RNA homology” groups
(Palleroni et al. 1973). The rRNA group 1 is the largest and encompasses the so
called “fluorescent pseudomonads”, which will be the focus of this book chapter.

3.1.2 Fluorescent Pseudomonads

Fluorescent pseudomonads are a functional group that comprises Pseudomonas
species that produce a greenish fluorescent compound, known as pyoverdine, which
is a siderophore (Cézard et al. 2015). Pyoverdines are secreted by fluorescent pseu-
domonads to capture and deliver iron to the cells. Microbial siderophores can also
enhance iron uptake by plants that are able to recognize the bacterial ferric-
siderophore complex (Masalha et al. 2000; Katiyar and Goel 2004). Over 100
pyoverdines have been identified from different species and strains of Pseudomonas
(Meyer et al. 2008), representing about 20 % of the microbial siderophores charac-
terized to date (Boukhalfa and Crumbliss 2002).

At the taxonomical level, the fluorescent pseudomonads include phytopathogenic
cytochrome c¢ oxidase positive species (Pseudomonas cichorii, Pseudomonas margi-
nalis and Pseudomonas tolaasii), non-phytopathogenic, non-necrogenic strains
(Pseudomonas fluorescens, Pseudomonas putida, Pseudomonas chlororaphis, and
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Pseudomonas — aeruginosa), and phytopathogenic necrogenic fluorescent
Pseudomonas species without cytochrome ¢ oxidase (Pseudomonas syringae and
Pseudomonas viridiflava) (Choudhary et al. 2009). Various phenotypic methods
have been used to cluster and identify bacteria according to several features such as
morphology, pigmentation, and nutritional requirements. These methods have shown
that P. fluorescens and P. putida were heterogeneous which led to P. putida being
subdivided into biotypes A and B (biovars A and B). P. fluorescens was also subdi-
vided into seven biotypes. Biotypes A to D and F were named biovars I to V, while
biotype D became P. chlororaphis and biotype E became P. chlororaphis subsp.
aureofaciens (Palleroni 1984).

3.1.3 Genomics and Genome Plasticity

During the last decade, several plant-associated fluorescent pseudomonad genomes
have been sequenced including P. putida (Nelson et al. 2002), P. fluorescens (Paulsen
et al. 2005) and P. chlororaphis (Shen et al. 2012). Recent breakthroughs in high-
throughput sequencing technologies have been accompanied by an overwhelming
increase in the number of Pseudomonas spp. genomes publicly available, which has
enabled large scale comparative genomic studies. Such studies have highlighted the
tremendous genomic diversity of plant-associated Pseudomonas spp. (Loper et al.
2012; Jun et al. 2016).

Plant-associated fluorescent pseudomonads possess a large genome which dis-
plays a mosaic structure with genes segregating between the “core genome” and the
“accessory genome” (Silby et al. 2011). Genes from the core genome are conserved
among the different strains which are thought to be responsible for essential cellular
processes, whereas genes from the accessory genome, which are often unique to
one or few strains, are responsible for the variability observed among strains. While
strains from the fluorescent pseudomonad group share a relatively high number of
genes, with 2,789 predicted protein-coding genes present in the genome of ten rep-
resentative strains, corresponding to between 45 % and 52 % of the total number of
genes (Loper et al. 2012), the core genome of the whole Pseudomonas genus was
estimated to contain 1,224 protein-coding genes (Jun et al. 2016).

The genomic diversity and plasticity of plant-associated fluorescent pseudomo-
nads come from their accessory genomes. Out of ten strains from the fluorescent
pseudomonad group, 13,872 putative coding-protein genes were identified (Loper
etal. 2012), of which 5,798 had no orthologs with other Pseudomonas spp. genomes.
This diversity is often reflected in the wide range of secondary metabolites produced
(Gross and Loper 2009) and it appears that plant-associated saprophytic Pseudomonas
spp. genomes are a good place to search for operons involved in the production of
new antimicrobial compounds (Gross et al. 2007; Van Der Voort et al. 2015).

Pseudomonas spp. genomes are in perpetual rearrangement as evidenced by the
low synteny observed between closely-related strains (Silby et al. 2009; Wu et al.
2011; Loper et al. 2012). Mobile genetic elements, such as genomic islands, trans-
posons or REP-elements are also abundant in the Pseudomonas spp. accessory
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genomes and often account for horizontal gene transfer acquired genomic material
(Silby et al. 2011). The genomic diversity and plasticity of saprophytic plant-
associated fluorescent pseudomonads is a key feature that empowers their valuable
role in terms of plant growth promotion and biocontrol of plant pathogens.

3.2  Rhizosphere Competence of Plant-Beneficial
Fluorescent Pseudomonads

Plant-beneficial fluorescent pseudomonads that possess genetic determinants for
plant growth promotion and/or biocontrol of plant pathogens are not always effec-
tive when deployed in the field. Despite promising results under controlled condi-
tion, many authors have reported on the inconsistency of plant-growth promotion
and biocontrol achieved by some Pseudomonas spp. strains in the field and have
linked these results to an impaired rhizosphere colonization (Kloepper et al. 1980;
Weller 1988). Rhizosphere colonization is a crucial step leading to disease-
suppression given that: (i) an inverse correlation between population size of plant-
beneficial Pseudomonas spp. and the disease incidence has been observed in several
plant-pathogen systems (Bull et al. 1991; Raaijmakers et al. 1995); (ii) impaired
rhizosphere colonization mutants, such as those obtained from P. chlororaphis
subsp. piscium PCL1391, lost their disease suppression capability toward certain
pathogens, such as Fusarium oxysporum f. sp. radices-lycopersici (Chin-A-Woeng
et al. 2000); (iii) a linear relationship has been observed between population size of
indigenous antibiotics producing Pseudomonas spp. and antibiotics accumulation
in the rhizosphere (Raaijmakers et al. 1999; Mavrodi et al. 2012a), which is in line
with biocontrol capabilities.

We define the rhizosphere competence (or rhizocompetence) of an introduced
plant-beneficial Pseudomonas spp. strain as its aptitude to establish itself in the
rhizosphere of a plant and to persist during several crop cycles while maintaining a
high population level. It appeals to the capacity of an organism to forge a successful
trophic relationship with the plant as well to its ability to compete with indigenous
microorganisms coveting the very same ecological niches. Various approaches have
been undertaken to identify traits involved in the rhizosphere competence of plant-
beneficial Pseudomonas spp. including site-directed mutagenesis (Lugtenberg et al.
2001), rhizosphere-induced gene monitoring with promoter-trapping technology
(IVET; Rainey 1999) and broader population-based approaches by assessing traits
which distinguish fluorescent pseudomonads from the rhizosphere to those isolated
from the bulk soil (Latour et al. 2003). Many traits indispensable for rhizosphere
colonization have been characterized, such as flagella, chemotaxis, adhesion, etc.
(Lugtenberg et al. 2001) often by monitoring the speed at which bacteria reach the
root tip of seedlings grown under gnotobiotic conditions with total disregard for the
key role of competition in rhizosphere colonization. Nonetheless, comparative stud-
ies carried out in agricultural soils have highlighted the superior root-colonizing
ability of certain genotypes over others (Raaijmakers and Weller 2001; Ghirardi
et al. 2012), and have successfully identified major competitive enhancing traits for
rhizosphere colonization (Ghirardi et al. 2012).
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3.2.1 Interactions Between Plant-Beneficial Pseudomonas spp.
and Their Host

3.2.1.1 Rhizoplane Colonization by Plant-Beneficial Pseudomonas
spp.

Some root exudates, such as malic acid and citric acid, act as chemoattractants for
beneficial (and deleterious) bacteria. Hence, motility (De Weger et al. 1987) and
especially flagella-driven chemotaxis towards exudate components (De Weert et al.
2002), is an important trait for the rhizosphere competence of Pseudomonas spp. In
fact, the rhizosphere is not considered as a homogeneous environment but rather as
a succession of favourable and less favourable ecological niches; chemotaxis allows
Pseudomonas spp. to set a course to the most advantageous locations which are
generally located at the junctions between epidermal root cells and sites of side
roots appearance (Chin-A-Woeng et al. 1997). Adhesion to the root surface is an
important mechanism in root colonization, and several determinants have been
described. The hair-like structures pili and a root-adhesion outer membrane protein,
homologous to OprF from the plant pathogen P. syringae, have been shown to be
involved in the adhesion to the root surface of several plants by Pseudomonas spp.
(Vesper 1987; De Mot et al. 1992). The plant root surface glycoprotein agglutinin
has been implicated in the adhesion of P. putida to the root, an adhesion mediated
by the coding-protein gene aggA (Anderson 1983; Buell and Anderson 1992).
Transition from transient adhesion to irreversible attachment to root surfaces consti-
tutes the first step to the formation of a microcolony (or biofilm), which will soon
become a mature biofilm. Lap (large adhesion proteins) has been shown to be
involved in this transition in P. putida (Hinsa et al. 2003). Biofilms are multicellular
aggregates encased in a complex matrix mainly composed of extracellular poly-
meric substances (EPS), proteins and eDNA (extracellular DNA; Flemming and
Wingender 2010). Biofilms enable plant-beneficial Pseudomonas spp. to resist
harsh conditions including desiccation and high concentrations of toxic compounds
(Danhorn and Fuqua 2007).

3.2.1.2 Antibiotic Production

Large populations of antibiotic-producing Pseudomonas spp. have been observed in
several fields (Raaijmakers et al. 1997; Mazurier et al. 2009; Parejko et al. 2012) and
have been frequently associated with disease-suppressiveness (Raaijmakers and
Weller 1998; Weller et al. 2002; Mazurier et al. 2009). One may think that the capac-
ity to produce broad-spectrum antibiotics, such as 2,4-diacetylphloroglucinol
(DAPG) or phenazine derivatives might enhance the ecological competence through-
out antagonism towards competitors. However, it remains to be demonstrated. Carroll
et al. (1995) showed that the incapacity to produce DAPG did not reduce the rhizo-
sphere competence of strain P. fluorescens F113 in the rhizosphere of sugarbeets. In
contrast, phenazine defective mutants of strains P. synxantha 2—79 and P. chlorora-
phis subsp. aureofaciens 30-84 were not able to maintain high population levels in
the rhizosphere of wheat in the presence of indigenous microorganisms, whereas a P.
chlororaphis subsp. aureofaciens 30-84 phenazine defective mutant colonized to the
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same extent as its parent strain when inoculated in the rhizosphere of wheat grown in
pasteurized soil (Mazzola et al. 1992). These results suggest the involvement of
phenazine production in competitive rhizosphere colonization by plant-beneficial
Pseudomonas spp., but do not demonstrate that antibiosis is the mechanism involved.
It has been suggested that phenazines do not affect the immediate competitors of
plant-beneficial Pseudomonas spp. (Mavrodi et al. 2006; Pierson and Pierson 2010)
and could serve other purposes (Price-Whelan et al. 2006).

3.3  Fluorescent Pseudomonad Mechanisms Leading
to Plant Growth Promotion

With regards to plant growth promotion, fluorescent pseudomonads are often
divided in two groups, based on their mode of action. The first group, which will be
covered in this section, consists of fluorescent pseudomonads that directly influence
plant growth, seed emergence or improve crop yields and are often referred as bio-
fertilizers (Glick et al. 1999). The second group is known as biocontrol fluorescent
pseudomonads that are able to indirectly influence plant growth by reducing the
negative pressure that plant pathogens put on the plant’s growth and development.

3.3.1 Direct Plant Growth Promotion

Various mechanisms of direct plant growth promotion have been studied, such as
the production of phytohormones, including auxins, cytokinins and gibberellins, the
reduction of ethylene levels in plants through the action of ACC-deaminase enzyme
and mechanisms to increase nutrient availability in the plant, such as increasing
phosphorus uptake by solubilisation of inorganic phosphates, the production of
iron-chelating siderophores to increase iron uptake and nitrogen fixation. Only few
species of Pseudomonas have shown the ability to fix nitrogen, including
Pseudomonas stutzeri (Krotzky and Werner 1987) and Pseudomonas azotifigens
(Hatayama et al. 2005). As these species are not part of the fluorescent pseudomo-
nad group, nitrogen fixation will not be further discussed.

Plant growth hormones (e.g. auxins, cytokinins and gibberellins) are synthesized
in extremely low concentrations in plants and act as chemical messengers and
growth and development regulators in plants (Martinez-Viveros et al. 2010). In
addition to being synthesized by plants, these phytohormones are synthesized by a
number of bacteria associated with plants and soil (Martinez-Toledo et al. 1988;
Bottini et al. 1989). The production of phytohormones by Pseudomonas species is
considered to be one of their main mechanisms of plant growth promotion
(Egamberdieva 2005). To date, auxins are the most well studied phytohormones in
rhizobacteria (Karadeniz et al. 2006; Spaepen et al. 2007). Bacterial production of
phytohormones is interesting as there is currently no evidence for metabolic effects
of phytohormones in bacteria (Persello-Cartiaux et al. 2003).



3 Pseudomonadaceae: From Biocontrol to Plant Growth Promotion 45

3.3.1.1 Indole-3-Acetic Acid

Auxin is a phytohormone produced by plants and involved in growth regulation. It
was discovered that a majority of bacteria in the rhizosphere are able to produce the
auxin indole-3-acetic acid (IAA) and auxins are able to influence plant growth in
beneficial and deleterious ways (Patten and Glick 1996). Several pathways for IAA
synthesis from L-tryptophan have been investigated, such as the indole-3-pyruvic
acid pathway (Costacurta et al. 1994; Patten and Glick 1996), the indole-3-acetamide
pathway (Patten and Glick 1996) and the side chain oxidase pathway (Oberhénsli
et al. 1991; Patten and Glick 1996).

Many factors can influence the production of IAA levels including the IAA pro-
duction pathway (Persello-Cartiaux et al. 2003) and the localization of the IAA
synthesis genes, either in the bacterial chromosome or on a plasmid (Patten and
Glick 1996). The impact of bacterial IAA on plants has been either beneficial or
deleterious and its effect seems to depend on the level of IAA produced inherently
by the plant (Dubeikovsky et al. 1993; Persello-Cartiaux et al. 2003). In cases where
plants produce low levels of IAA, the addition of bacterial IAA can be beneficial on
the plant roots. Beneficial effects of bacterial IAA have been shown to stimulate
root hair formation and increase the number and length of lateral and primary roots
(Davies 1995). When the plant is producing adequate levels of TAA, the addition of
bacterial IAA can be detrimental on root length. At deleterious levels, IAA has been
shown to be inhibitory to primary root growth (Davies 1995). Cucumber plants
inoculated with a wild type TAA producing P. protegens CHAO strain demonstrated
enhanced growth, while inoculation with an IAA overproducing mutant stunted the
cucumber growth (Beyeler et al. 1999). The TAA overproducing strain P. fluores-
cens BSP53a stimulated root development in black currant, but suppressed root
development in sour cherry cuttings (Dubeikovsky et al. 1993). The authors suggest
that their results indicate that the amount of IAA produced by black currant (Ribes
nigrum L.) plants was suboptimal while the amount secreted by sour cherry (Prunus
cerasus L.) cuttings was already optimal for the plant and the additional level of
IAA produced by P. fluorescens BSP53a was inhibitory. The range of optimal IAA
concentration for plants may be small as P. putida GR12-2, a low level producer of
IAA, resulted in a two to three fold increase in the length of canola (Brassica napus
L.) seedling roots (Glick 1995; Caron et al. 1996) while an over-producing mutant
of P. putida GR12-2 (producing four times the amount of the wild type) signifi-
cantly inhibited the growth of canola roots (Xie et al. 1996).

3.3.1.2 Cytokinins

Cytokinins are N°-substituted aminopurines that are synthesized in plant roots and
are translocated to the shoots through the xylem. They are involved in multiple
functions and act as plant growth regulators and influence plant physiological and
developmental processes such as cell division, seed germination, root development,
accumulation of chlorophyll, leaf expansion, and delay of leaf and chloroplast
senescence (Patrick 1987; Salisbury and Ross 1992; Arshad and Frankerberger
1993; Chernyad’ev 2009). Several natural cytokinins are known and include isopen-
tenyladenine and compounds differing in the presence or absence and location of a
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hydroxyl group: zeatin, trans-zeatin, cis-zeatin and dihydrozeatin (Chernyad’ev
2009). At very low concentrations (as low as 10-® M) cytokinin use in plant growth
promotion can be efficient, environmentally safe and inexpensive (Chernyad’ev
2009). They have been shown to act in conjunction with auxins. In in vitro plant cell
cultures, a high cytokinin/auxin ratio promoted shoot production while auxin alone
initiated root growth and equimolar amounts of cytokinin and auxin caused undif-
ferentiated callus cells to proliferate (Crozier et al. 2000).

Cytokinins may also be produced by rhizosphere microorganisms that live in
close proximity to the root and these cytokinins also may influence plant growth and
development (Nieto and Frankenberger 1990; Arshad and Frankerberger 1993; De
Salamone et al. 2001). Inoculation of plants with bacteria producing cytokinins has
been shown to stimulate shoot growth and reduce root/shoot ratio in plants suffering
due to drought (Arkipova et al. 2007).

3.3.1.3 Gibberellins

Gibberellins (GAs) are a large group of important tetracyclic diterpenoid acids and
are produced by plants and influence a range of developmental processes in plants
including stem elongation, seed germination, seedling emergence, and flower and
fruit growth (Davies 1995; Crozier et al. 2000; King and Evans 2003; Sponsel
2003). In most of these processes, gibberellins act in combination with other phyto-
hormones and other regulatory factors, demonstrating highly integrated signaling
pathways (Trewavas 2000).

Many GAs have been identified using modern analytical techniques and 136
GAs have been identified in plants, fungi and bacteria (Arshad and Frankerberger
1993; Bottini et al. 2004). Three p-hydroxylated, C19 gibberellins GA,, GA; and
GA,, have all been reported as being directly involved in promotion of shoot elonga-
tion in plants (Crozier et al. 2000). Gibberellic acid (GA;) is the main product of
gibberellins in bacteria (Bruckner and Blecschmidt 1991). It is a terpenoid hormone
involved in regulating plant growth and development (Karakog and Aks6z 2006).
Gibberellin production has been observed in various Pseudomonas spp. P. putida
H-2-3 that produces bioactive GA; and GA, significantly increased the growth of a
GA-deficient rice (Oryza sativa L.) cultivar Waito-C (Kang et al. 2014). This strain
was also able to enhance plant growth as well as tolerance to drought and salt
stresses in soybean (Glycine max (L.) Merr.) plants through various mechanisms,
including GA production (Kang et al. 2014). Inoculation of GA-producing
Pseudomonas sp. 54RB led to increased growth and yield in soybean plants (Afzal
et al. 2010). GA; production is influenced by cultural conditions and these factors
include pH, temperature and incubation time (Kahlon and Malhotra 1986).

3.3.1.4 1-Aminocyclopropane-1-Carboxylate (ACC) Deaminase

Ethylene is a gaseous phytohormone that acts at low concentrations in the regula-
tion of all processes of plant growth, development and senescence (Shaharoona
et al. 2006; Saleem et al. 2007). In addition to acting as a plant growth regulator, it
has also been identified as a stress hormone. At high concentrations, ethylene can be
harmful as it induces defoliation, premature senescence and cellular processes that
inhibit stem and root growth (Li et al. 2005). In response to various environmental
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stressors, plants will synthesize 1-aminocyclopropane-1-carboxylate (ACC) which
is the immediate precursor for ethylene (Chen et al. 2002; Glick et al. 2007). Some
of the ACC produced by the plants is secreted into the rhizosphere and reabsorbed
by the plant roots, where it will be converted to ethylene. Accumulation of ethylene
in the roots leads to poor root growth and further stress. The ability to degrade ACC
by bacteria in the rhizosphere helps in the re-establishment of a healthy root system
that can surmount environmental stresses (Martinez-Viveros et al. 2010).

Many bacteria synthesize the enzyme ACC deaminase that will degrade ethylene
to a-ketobutyrate and ammonia (Glick et al. 1998; Glick 2005). A significant amount
of ACC might be excreted by the plants roots and taken up by soil microorganisms
and hydrolyzed by ACC deaminase, decreasing the amount of ACC in the environ-
ment, preventing ethylene accumulation in plants and allows the bacteria to use
ACC as a nitrogen source (Penrose and Glick 2003; Persello-Cartiaux et al. 2003;
Glick 2005).

Pseudomonas strains demonstrating ACC deaminase activity have been isolated
in soil (Govindasamy et al. 2008). Reed and Glick (2005) inoculated canola seeds
with ACC-deaminase producing Pseudomonas asplenii and observed an increase in
dry matter content of the root and aerial parts. Arshad et al. (2008) demonstrated
that a strain of Pseudomonas sp. with ACC deaminase activity was able to partially
eliminate the effect of drought stress on the growth of peas. Tomato plants pre-
treated with P. fluorescens and P. migulae (both displaying ACC deaminase activity)
were healthier and demonstrated better growth under high salinity stress compared
to plants pretreated with an ACC deaminase deficient mutant or without bacterial
treatment (Ali et al. 2014). P. fluorescens strains transformed with ACC deaminase
gene and its regulatory region increased length of canola plants (Wang et al. 2000).

3.3.1.5 Phosphate Solubilizing Pseudomonas spp.

Phosphorus (P) is an essential plant nutrient for growth and development with low
availability in many agricultural soils (Martinez-Viveros et al. 2010). Many soils
have a high total P content due to the application of P fertilizers over long periods
of time (Dey 1988), however, a large portion of P is present in insoluble forms and
is not available for plant nutrition (Mullen 2005).

Phosphate solubilizing bacteria constitute between 1 % and 50 % of the total
population of cultivable bacteria in soil (Chabot et al. 1993; Khan et al. 2009). A
considerably higher concentration of phosphate solubilizing bacteria is found in the
rhizosphere as compared to bulk soil (Katznelson et al. 1962; Raghu and MacRae
1966). The ability of rhizosphere bacteria to solubilize insoluble P minerals has
been attributed to their secretion of organic acids (e.g. gluconate, citrate, lactate, and
succinate) and phosphatases (Gyaneshwar et al. 1999; Rodriguez and Fraga 1999)
to convert the insoluble phosphate into soluble ions (Podile and Kishore 2006).
These bacteria solubilize quantities in excess of their nutritional demands, thereby
making it available for plants (Chen et al. 2006).

Increased plant growth and phosphate uptake have been reported in many crop
species as a result of the inoculation of phosphate solubilizing Pseudomonas spe-
cies, for example in rice (Gusain et al. 2015), in soybean (Fankem et al. 2015; Afzal
et al. 2010), in pea (Oteino et al. 2015) and in wheat (Babana and Antoun 2006).
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Additionally, Afzal et al. (2010) found increased nodulation in soybean plants that
were co-inoculated with Bradyrhizobium strain TAL 377 and Pseudomonas sp.
strain 54RB as compared to only Bradyrhizobium TAL 377. They suggest that the
increase in nodulation could be due to Pseudomonas-induced phosphate solubilisa-
tion (as well as an increase in gibberellic acid), which increased root proliferation
and stimulated plant growth (Afzal et al. 2010).

3.3.1.6 Siderophores
Hundreds of siderophores have been identified and reported for cultivable microor-
ganisms, some of which are recognized and used by different microorganisms, while
other are species-specific (Crowley 2006). These compounds are produced by vari-
ous types of bacteria in response to iron deficiency, normally occurring in neutral to
alkaline pH soils, due to low iron solubility at high pH (Sharma and Johri 2003).
Many plants can use various bacterial siderophores as iron sources, although the total
concentrations may be too low to significantly contribute to plant iron uptake.
Among most of the bacterial siderophores studied, those produced by
Pseudomonas species are known for their high affinity to iron. The most abundant
siderophore in Pseudomonas sp. is pyoverdine. Carrillo-Castafieda et al. (2002)
reported positive effects on alfalfa (Medicago sativa L.) plantlet growth after the
inoculation of siderophore producing Pseudomonas sp. grown in iron limited cul-
tures. The inoculated alfalfa seeds increased their germination as well as the root
and stem dry weight.

3.3.1.7 Pyrroloquinoline Quinone

Pyrroloquinoline quinone (PQQ) is the main cofactor in redox enzymes names qui-
noproteins and was first identified in 1979 as a cofactor in bacterial methanol dehy-
drogenase (Salisbury et al. 1979) and glucose dehydrogenase (Duine et al. 1979).
The production of the PQQ molecule is encoded by the pgg operon which consists
of six core genes, pqqgABCDEF (Goldstein et al. 2003; Oteino et al. 2015). Additional
genes in the PQQ operon (pqqHIJKM) have been identified in P. fluorescens B16
(Choi et al. 2008). PQQ has antioxidant properties and is involved in plant growth
promotion through phosphate solubilisation. Glucose dehydrogenase uses PQQ as a
redox cofactor for the oxidation of glucose to gluconic acid. This acid is then dif-
fused into the areas surrounding the bacteria and helps in the acidic solubilisation of
insoluble phosphates in soil (Duine et al. 1990; Stites et al. 2000; Misra et al. 2012).
Other studies have shown that PQQ is also involved in the biocontrol ability in cer-
tain P. fluorescens strains (James and Gutterson 1986; de Werra et al. 2009).

In addition to its role in phosphate solubilisation, PQQ is suspected to be directly
involved in plant growth promotion. A PQQ mutant of P. fluorescens B16 lost its
growth promoting ability in tomato, cucumber, Arabidopsis (Arabidopsis thali-
ana (L.) Heynh.), and hot pepper (Capsicum annuum (L.)), which were restored
when the PQQ genes were complemented in the B16 mutant (Choi et al. 2008). This
group also directly applied synthetic PQQ to cucumber plants and saw an increase in
the fresh weight of the plants (Choi et al. 2008). They also applied synthetic PQQ to
germinating seedlings of Arabidopsis and hot pepper and observed increases in the
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fresh and dry weight of Arabidopsis and the size of the cotyledons of the hot peppers,
indicating that PQQ is directly involved in plant growth promotion (Choi et al. 2008).

3.3.2 Plant-Beneficial Fluorescent Pseudomonads in Biocontrol

The fluorescent pseudomonads group contains numerous organisms that have the
capacity to suppress diseases in several plant-pathogen systems and that can act as
effective biological control agents (BCAs; Haas and Défago 2005). In this section,
we will attempt to summarize the knowledge gathered on biocontrol of plant patho-
gens using fluorescent pseudomonads.

3.3.2.1 Plant-Pathogens and Systems Controlled by Fluorescent
Pseudomonads

Since the publication of an important review by Weller in 2007, a large number of
studies have focused on plant beneficial fluorescent pseudomonads and their antag-
onistic activity toward plant pathogens. The biocontrol capability of fluorescent
pseudomonads is particularly interesting as they exhibit a wide activity and are able
to target a broad spectrum of plant pathogens. Among these, the fungus
Gaeumannomyces graminis var. tritici, responsible for the take-all disease of wheat,
is the most studied and described plant pathogen system and serves as a model sys-
tem for Pseudomonas spp./pathogen interactions (Kwak and Weller 2013). In this
system, P. protegens CHAO has been shown to control the disease through charac-
terized antifungal activity determinants, such as the production of DAPG (Keel
et al. 1992). When comparing the biocontrol activity of P. protegens CHAOQ and a
mutant unable to produce DAPG, Keel et al. (1992) found that the DAPG-mutant
showed less inhibition of G. graminis var. tritici in vitro, and less suppression effect
on take-all of wheat as compared to the wild-type. However, although various roles
of DAPG are known, such as an inducer of plant resistance and a signal molecule
that affects gene expression (Dubuis et al. 2007), the precise mode of action of
DAPG in disease suppression is still a matter of debate.

An increasing number of papers have been published about new fluorescent pseu-
domonads demonstrating biocontrol activity, so we present a table listing studies that
have occurred since Weller’s review published in 2007 (Table 3.1). Most of these stud-
ies have focused on fungal diseases, whereas studies describing the biocontrol of bac-
terial and viral diseases using fluorescent pseudomonads are rare. In this context, in
the last 10 years, Rhizoctonia solani has been the most investigated pathogen, while
the majority of biocontrol stains described belong to the species P. fluorescens.

With the recent developments and costs reductions associated with next-generation
genome sequencing, genome sequencing of fluorescent pseudomonads of biocontrol
interest has been significantly increasing. Next-generation sequencing not only
allows the comparison of different biocontrol strains and exploring their functional
heterogeneity against their origins (Loper et al. 2012; Rong et al. 2012) but it is also
increasingly used to identify genes of biocontrol interest, such as those involved in
secondary metabolite biosynthesis (Massart et al. 2015; Roquigny et al. 2015).
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3.3.2.2 Mechanisms Involved in Disease Suppression

Over the years, it has been demonstrated that fluorescent pseudomonads display
numerous capabilities to suppress plant diseases due to various genetic and pheno-
typic characteristics. To date, several mechanisms of disease suppression have been
detected in Pseudomonas spp. and the main ones are competition for iron (Berg
2009), plant induced systemic resistance (ISR; Bakker et al. 2007) and antibiosis
(Raaijmakers et al. 2002). Once fluorescent pseudomonads are established in the
plant rhizosphere, more than one mechanisms of biocontrol may be used in
parallel.

3.3.2.2.1 Competition

Previously described as one of the primary ways for bacteria to establish themselves
in the rhizosphere, competition is also one of the main mechanisms used by BCAs
to compete with plant pathogens for space and nutrients, leading to reduced disease
development (Haas and Défago 2005). One of the main nutrients that leads to com-
petition is iron due to its limiting presence in soil (Loper and Buyer 1991).
Fluorescent pseudomonads will compete for iron through the production of the sid-
erophore pyoverdine. Siderophores have demonstrated biocontrol capacity under in
vitro and in vivo conditions on pathogenic fungi or fungal-like organisms, including
Pythium spp. and Fusarium spp. (Loper and Buyer 1991; Ledn et al. 2009; Sen et al.
2009). Since the 1990s, it was suggested that siderophores production was depen-
dent on a large range of biotic and abiotic factors (Loper and Buyer 1991; O’Sullivan
and O’Gara 1992); notably, the nature and the concentration of nitrogen and carbon
sources, the level of phosphate, and the soil’s pH and temperature (O’Sullivan and
O’Gara 1992). For example, in the case of P. aeruginosa PAO1, a high phosphate
concentration inhibits pyoverdine production. Succinic acid and ammonium sul-
phate have been identified to be the best sources of carbon and nitrogen for pyover-
dine production with an optimum carbon to nitrogen ratio of 4 to 1 (Barbhaiya and
Rao 1985). Loper and Buyer (1991) concluded that among these factors, pH might
be the most important for iron availability in soil. More recently, similar studies
were performed and demonstrated the importance of minerals and carbon sources
for siderophore biosynthesis and therefore for microbial competition (Duffy and
Défago 1999; Guidazi et al. 2010, 2013).

3.3.2.2.2 Induced Resistance

Some physical or chemical stresses have been shown to be responsible for an
induced state of resistance in plants which protects against pathogenic infections
(Pieterse et al. 2014). Resistance can be triggered either by pathogenic or non-
pathogenic microorganisms, therefore two main types of resistance have been iden-
tified: systemic acquired resistance (SAR), which is usually triggered by pathogenic
microorganisms infecting the plant but to a level that does not cause disease devel-
opment, and induced systemic resistance (ISR) generally triggered by beneficial
microorganisms. This distinction between the agents responsible for inducing either
SAR or ISR is not always clear and it has been shown that a beneficial microorgan-
ism may induce SAR response (Van De Mortel et al. 2012), and a pathogenic
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microorganism an ISR response (Pieterse et al. 2014). Finally, in some cases, both
SAR and ISR have been shown to be induced in parallel (Van Wees et al. 2000). The
focus of this section will be on the typical ISR response generally induced by plant-
beneficial Pseudomonas spp.

Before considering ISR, it is however important to briefly described SAR, which
has been fully reviewed throughout the years (Spoel and Dong 2012; Dangl et al.
2013; Henry et al. 2013; Pieterse et al. 2013, 2014). SAR in plants is triggered after
a local activation of immunity through physical or chemical recognition of a patho-
gen by the plant. Then, a complex network of signals is activated which may lead to
a systemic defense response in the plant. Two major types of signals: PTI ((PAMP
(pathogen-associated-molecular-pattern)-triggered immunity)) and ETI (effector-
triggered immunity) (Thonart et al. 2012), may be involved. Briefly, PTI is consid-
ered as the first line of defense of the plant, which is often bypassed by the plant
pathogen through suppression of PTI or preventing the pathogen’s detection. ETI is
instead considered as a manifestation of the second line of defense, often described
as a gene-for-gene resistance leading most of the time to a programmed cell death
in order to stop the infection. In other words, PTI and ETI are the local defense lines
of the plant, which in turn may trigger SAR if the pathogen is capable of escaping
these first and second lines of defense. SAR is mediated by the plant hormone sali-
cylic acid (SA). An increase in the SA level throughout the plant is essential for the
establishment of SAR (Van Loon and Bakker 2006). According to current knowl-
edge, SAR seems to remain active for the lifetime of the plant in spite of a lessened
induced state that can be observed over time (Van Loon and Bakker 2006).

On the other hand, ISR is a typical mode of action of plant-beneficial Pseudomonas
spp. in disease suppression. During ISR, bacterial determinants like flagella and
secondary metabolites such as DAPG, lipopolysaccharides, and siderophores are
detected by the plant host, leading to the secretion of hormonal mediators (Bakker
et al. 2013). ISR is mediated by jasmonic acid (JA) and ethylene (ET). Many good
reviews have been published on the subject (Bakker et al. 2007, 2013; Pieterse et al.
2014). According to the review by Bakker et al. (2007), noteworthy determinants of
Pseudomonas spp. are the production of siderophores such as pseudobactin (pyover-
dine) and antibiotics such as DAPG. More recently, the capacity of P. chlororaphis
subsp. aurantiaca Pa40 in eliciting an ISR response in wheat infected by Rhizoctonia
cerealis was linked to the production of phenazines rather than other bacterial deter-
minants (Jiao et al. 2013).

Following the accumulation of JA, ET (in ISR) and/or SA (in SAR) different
metabolic cascades connected with the different pathways (ISR or SAR) result in
systemic chemical changes in the plant such as the release of proteins or defense
strengthening physical barriers of the plant (Jones and Dangl 2006; Dangl et al.
2013). For instance, a hypersensitive response, which is associated with a pro-
grammed cell death, can be observed as the hallmark of ETI (Spoel and Dong 2012).
After the activation of plant-defense pathways, the plant cell wall is reinforced by
the deposition of glucan polymers (Spoel and Dong 2012). Current trends are to
study a plant’s transcriptome to better understand ISR-SAR activation differences.
One of the first studies was on Arabidopsis thaliana whose resistance was induced
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by beneficial P. fluorescens WCS417r (Verhagen et al. 2004). This study revealed
that in A. thaliana, gene activity of the transcription factors implicated in the regula-
tion of JA and ET-dependent defenses was upregulated in the root, but not in the
leaves (Verhagen et al. 2004). Walters et al. (2013) reviewed controlling crop dis-
eases using induced resistance and discussed notably that as induced resistance is a
host response, its expression under field conditions is likely to be influenced by a
number of factors, including the environment, genotype, crop nutrition and the
extent to which plants are already induced.

3.3.2.2.3 Antibiosis

Antibiosis is described as the capacity to produce and secrete antibiotic compounds
or other antimicrobial diffusible compounds leading to the inhibition of a patho-
gen’s growth and, in most cases, to the reduction of the pathogen’s population.
Several secondary metabolites produced by fluorescent pseudomonads have been
studied and their activity has been demonstrated by comparing the activity of wild-
type strains to isogenic non-antibiotic producing mutant strains. These types of
studies have shown that antibiosis is one of the most important mechanisms for
biocontrol in fluorescent pseudomonads (Siddiqui 2005). Plant-beneficial
Pseudomonas spp. are able to produce and secrete a wide range of antimicrobial
compounds. The best example of this is P. protegens CHAOQ, which can synthetize
more than ten compounds displaying antagonistic activity towards pathogens:
DAPG, hydrogen cyanide (HCN), pyoluteorin (PLT), pyrrolnitrin (PRN), and mul-
tiple phenazine compounds (Haas et al. 1991; Haas and Défago 2005). For a descrip-
tion of the nature, the biosynthesis, and the function of antibiotic compounds
produced by fluorescent pseudomonads, readers are referred to several excellent
reviews on this topic (Keel et al. 1992; Raaijmakers et al. 2002; Haas and Défago
2005; Fernando et al. 2006; Mavrodi et al. 2006, 2010). As one of the most studied
group of antibiotics involved in plant-beneficial Pseudomonas spp./pathogen inter-
actions, we will describe in more detail the phenazine derivatives group, their pro-
duction and their action in the field.

3.3.2.2.4 Phenazines

Phenazines play a vital role in the biocontrol of plant diseases (Tambong and Hofte
2001; Chin-A-Woeng et al. 2003; Mavrodi et al. 2006; D’aes et al. 2011; Hua and
Hofte 2015) and may also contribute to biofilm formation and virulence (Price-
Whelan et al. 2006; Pierson and Pierson 2010; Selin et al. 2010). The most common
phenazine derivatives are pyocyanin, phenazine-1-carboxylic acid (PCA) and
phenazine- 1-carboxamide (PCN). These compounds appear to improve the stability
of colonies by producing a biofilm that allows the bacteria to attach to roots or seeds
of plants (Mavrodi et al. 2006). The genes responsible for the production of PCA are
organized in an operon of seven genes: phzABCDEFG (Mavrodi et al. 2006, 2010).
This operon is accompanied by genes involved in the regulation, transport, resis-
tance and PCA conversion to other phenazine derivatives. The phenazine operon is
well conserved as the loss of the ability to produce phenazines is usually associated
with a reduced ability to survive in the environment (Mavrodi et al. 2013).
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As previously indicated, fluorescent pseudomonads can produce a large range of
antimicrobial secondary metabolites, however, the capacity to produce a greater
number of antibiotics is not necessarily associated with a better biocontrol response
(Perneel et al. 2007). The production of HCN, PCA, PCN, PLT and PRN by
Pseudomonas sp. CMR5c would suggest that this strain could be a perfect biocon-
trol agent with a broad spectrum activity. However, despite the myriad of secondary
metabolites being produced, Pseudomonas sp. CMRSc was not as effective as
Pseudomonas sp. CMR12a, which produces phenazine derivatives, against Pythium
myriotylum in cocoyam (Perneel et al. 2007). The authors concluded that in this
system, phenazines are key factors in the biological control of cocoyam root rot
rather than pyrrolnitrin and pyoluteorin.

Another important point to consider concerning phenazines implication in bio-
control is the quantity or the dose being produced by a given BCA. Pathogen
destruction is linked to high levels of antibiotics (Haas and Keel 2003) and a
decrease in the pathogen population may depend on the concentration of PCA pro-
duced by a BCA (Arseneault et al. 2014). This hypothesis is supported by the fact
that the level and the timing of antibiotic biosynthetic gene expression depends on
the bacterial population density. The higher a bacterial concentration is, the more
antibiotic accumulation will occur in soil (Mavrodi et al. 2012a). In general, the
scientific community agrees on the necessity to have a minimal threshold of BCA
present in order for biocontrol to occur. For phenazine-producing plant-beneficial
Pseudomonas spp., this level has been estimated between 10* and 10° CFU/g of root
(Raaijmakers and Weller 1998; Haas and Défago 2005). The ability to quantify
antibiotics directly in soils is increasingly interesting to scientists. For example, it
was observed that for PCA, 100 pM localized produced amounts were sufficient for
the inhibition of pathogens (Mendes et al. 2011). It has, however, been suggested
that a sub-inhibitory concentration of antibiotics might, in some cases, suppress
disease development through the alteration of the transcriptional activity of key
pathogenesis genes in the pathogen (Davies et al. 2006; Raaijmakers and Mazzola
2012). Arseneault et al. (2013) have suggested that transcriptional changes in a
pathogen leading to reduced virulence due to the exposure to sub-inhibitory concen-
tration of antibiotics is a key factor in biocontrol and could be considered as an
independent mechanism of antibiosis (Arseneault et al. 2013). More specifically,
the reduction of potato common scab disease symptoms was not linked to a reduc-
tion in Streptomyces scabies following the inoculation of potato plants with PCA-
producing P. fluorescens LBUM 223, but to a significant alteration of gene
expression, notably genes involved in pathogenicity, suggesting a novel biocontrol
mechanism (Arseneault et al. 2017, unpublished results).

3.3.3 Regulation of Biocontrol Mechanisms
As previously mentioned, the production of secondary metabolites is usually depen-

dent on bacterial population density, a phenomenon known as quorum sensing (QS).
Once the quorum is reached, bacteria are able to modify the expression of some
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operons involved in secondary metabolite biosynthesis by “sensing” the accumulation
of small signaling molecules called autoinducers. For Pseudomonas spp., N-acyl-L-
homoserine lactones (AHL) have been identified as key signal molecules and their
synthesis and recognition generally involves the LuxI/LuxR-like protein family sys-
tem (Lee et al. 2010). QS is involved in many cellular processes such as antibiotic
synthesis and biofilm formation. In P. aeruginosa, this is the main mechanism for
regulating the production of PCA (Pierson and Pierson 1996; Chin-A-Woeng et al.
2003). More recently, in P. chlororaphis subsp. aurantiaca StFRB508, multiple AHLs
produced via two different quorum-sensing systems demonstrated the regulation of a
same QS-regulated-function; PCA production (Morohoshi et al. 2013). Biosynthesis
of phenazines seems to occur late during the growth phase of Pseudomonas spp.
(Mavrodi et al. 2006) as it depends on the population density and certain environmen-
tal conditions such as temperature, pH, and the availability of certain nutrients (Chin-
A-Woeng et al. 2003). Throughout the years, a lot of excellent review articles that
have focused on quorum sensing have been published and we refer the reader to these
for more details on the subject (Miller and Bassler 2001; Schauder and Bassler 2001;
Compant et al. 2005; Williams 2007; Ng and Bassler 2009).

3.4 Conclusions and Future Perspectives

Fluorescent pseudomonads are proven to be an important group of plant growth
promoters and biocontrol agents. They are able to utilize various mechanisms to
increase plant growth, protect plants from disease, and to colonize and maintain
significant populations in the rhizosphere of many different plants. However, many
questions remain as to how to utilize our knowledge of root colonization, plant
growth promotion and biocontrol activities of Pseudomonas species to use these
strains in large-scale agricultural contexts. The advent of next-generation sequenc-
ing technologies will allow future research to investigate the accessory genomes of
many Pseudomonas species to better understand their unique plant growth promo-
tion and biocontrol activities. Next-generation sequencing will also allow research-
ers to focus on the rhizosphere as a whole and better understand the interactions of
Pseudomonas species with the indigenous rhizosphere population and the plant
through transcriptome and metagenome analyses. Better understanding of these
complex interactions may gain insight to overcome inconsistent disease control,
which remains a major impediment to widespread use and commercialization of
plant growth promoting Pseudomonas species.
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Rhizobial Bioformulations: Past, Present
and Future

Naveen Kumar Arora, Maya Verma, and Jitendra Mishra

Abstract

The nitrogen fixing bacterial group known as rhizobia are very important and are
used as biological fertilizers for two main purposes; one is to fulfil the nutritional
requirements of increasingly populated world and other to overcome the prob-
lems arising due to chemical fertilizers. Rhizobial bioformulations are in the
market since more than a century and can be the solution for deficiency of nitro-
gen in our food and soils. Rhizobia maintain the soil fertility along with higher
crop yields due to the capability of biological nitrogen fixation (BNF). Currently,
various types of rhizobial biofertilizers are commercially available in the market
all over the world for agricultural purposes. These can be solid carrier based
formulations (organic and inorganic), liquid formulations (with and without
additives), synthetic polymer based formulations or metabolite based formula-
tions, but there still is a great room for improvement. However, over the years
there have been subtle changes in the rhizobial inoculants in terms of production
and application.

4.1 Introduction

Nitrogen (N) is one of the most important nutrients for plant growth. About 1-5 %
of total plant dry matter consists of N. It is an essential constituent of proteins,
nucleic acids, chlorophyll, co-enzymes, phytohormones and secondary metabolites
(Hawkesford et al. 2012). Due to its immense cellular need, N is required in large
quantities. Although atmosphere contains 80% of dinitrogen (N,) (Abd-Alla et al.
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Fig.4.1 Nitrogen fixation on earth (Modified from Bezdicek and Kennedy 1998)

2014a), it is relatively inert, and most organisms are unable to utilize it (Allito et al.
2015). Generally, the most reduced form of N that is ammonia (NH;) or most oxi-
dized form, nitrate (NO™3) are required to fulfil needs of plants. The fixed form of N
is generated by conversion of N, to NH3, a process also known as nitrogen fixation.
Nitrogen fixation may occur by biological or non-biological means (Fig. 4.1). Non-
biological fixation includes geochemical fixation by lightning (10% of the total N,
fixation) (Bezdicek and Kennedy 1998) and industrial fixation by Haber-Bosch pro-
cess (15% of total N, fixation) (Bezdicek and Kennedy 1998). However, BNF is
carried out by some prokaryotes, including a small but diverse group of bacteria and
archea, commonly referred as diazotrophs (Zehr et al. 2003; Kneip et al. 2007)
(Fig. 4.2). They encode enzyme complex nitrogenase, that catalyses the conversion
of N, gas to NH; (Santi et al. 2013). Amongst all of the fixed form of N,, BNF is of
immense importance. It is estimated that over half of the fixed N, is supplied bio-
logically and has a profound agronomic, economic, and ecological impact (Smil
2001). Although BNF is a boon to agro-ecosystems, but N fertilizers are also used
for meeting the total N requirement for agricultural production throughout the
world. That is why a substantial increase has been noticed in demand for chemical
N fertilizers as in comparsion to a century ago (Galloway et al. 2008). The increased
use of chemical N fertilizers is problematic because it is susceptible to loss by
leaching or denitrification (Luce et al. 2011) and regarded economically and envi-
ronmentally undesirable. Moreover, manufacturing N fertilizers requires six times
more energy than other fertilizers such as that of phosphorus or potassium (Da Silva
etal. 1978).

There are various types of associations/interactions occurring between diazo-
trophs and their host plants (Santi et al. 2013). Amongst them most efficient are
diazotrophic bacteria known as rhizobia, involved in the formation of root nodules
in legumes (Santi et al. 2013). Currently, more than 98 species belonging to 14
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genera of o, f and Y proteobacteria have been described as rhizobia (Berrada and
Fikri-Benbrahim 2014). Till date 12,000 nodulated legume species are known, and
each has its own root nodulating partner(s) (Maréti and Kondorosi 2014). Legumes
are second largest group of food and feed crops. These represent the third largest
family of angiosperms and cover 12—-15% of all available arable land which contrib-
utes more than 25% in the world’s primary crop production (247 million tons of
grain legumes annually; Ferguson et al. 2010). Rhizobia-legume symbiosis pro-
vides approximately 40 million tons of nitrogen into agricultural systems each year
(Herridge et al. 2008) and plays a crucial role in increasing productivity and quality
of crops specially protein content (Krapp et al. 2011). Besides this, these have been
recognized as potential candidates to replace mineral N-fertilizers (Tairo and
Ndakidemi 2013). It is estimated that the value of total nitrogen fixed by BNF pro-
cess is equal to US $ 160-180 billion (Rajwar et al. 2013). Mostly the agricultural
legumes have been studied for their symbiotic partner and others including wild and
with little economic value are neglected (Ogasawara et al. 2003).

In the era of intensive agriculture, rising costs of N fertilizers and their adverse
effects on environment have posed a threat to agroecosystems. Using rhizobial inoc-
ulants in the form of biofertilizers in place of N fertilzers has been considered as
cheap and sustainable alternative (Arora et al. 2001; Kennedy et al. 2004; Mia et al.
2007). Use of biofertilizers is becoming more popular at the global level. The mar-
ket trends also indicate that this could further increase in near future. The global
biofertilizers market was estimated at US $ 535.8 million in 2014 and projected to
reach up to US $ 1.88 billion by 2020 (Markets and Markets 2015). Amongst all
types of biofertilizers, nitrogen fixers contribute maximum (75%) in agriculture
(Grand View Research 2015) (Fig. 4.3).

Rhizobial biofertilizers have been applied to crops since more than a century.
However, in last few years, research on field application of rhizobia has addressed
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2015)

the task of identifying the essential conditions required for its survival, usability and
quality in the formulation products for enhancing crop production. Generally, the
term bioformulation entails application of microorganism(s) as partial or complete
substitute for chemical fertilizers/pesticides (Arora et al. 2010) but in a broad sense
it is essential to define role of an active ingredient, a carrier material and an additive
in preparation of bioformulation (Mishra and Arora 2016). Various types of biofor-
mulations having different rhizobial species as active ingredients are being used,
and indeed, have a profound effect on crop N requirement. However, newer techq-
inues for identification of different carriers, additives and delivery systems have
provided robustness to convential bioformulations and show potential to subside the
current need of mineral N fertilizers. In the present review, the journey of develop-
ment and advances in rhizobial inoculants since their inception in the market, are
discussed.

4.2  History

Legumes have been used as a food source since ancient times and also known as soil
improvers. However, real role of rhizobia was identified much later. German bota-
nist Leonhard Fuchsius, published the first drawings of nodulated legumes in 1542
(Fuchsius 1542). Malpighi (1679) also observed nodules on the bean roots
(Phaseolus vulgaris and Vicia faba). BNF by legumes was first time proposed by
Boussingault (1838) when he was doing crop rotation experiments with legumes
and found increased N content causes superior nutritive quality in legumes and
benefits to the soil. Lachmann (1858) during the microscopic study of nodules
found that the nodules contain vibrio like particles. Further, these particles were
also described as bacteria like and Woronin (1866) validated that root nodules in
legumes were formed by a specific group of bacteria. Another milestone in the field
of rhizobia-legume symbiosis was the discovery of the ability of root nodules to fix
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gaseous N which was demonstrated by German scientists Hellriegel and Wilfarth, in
1886 and two years later, they published their observations (Hellriegel and Wilfarth
1888). In the same year Dutch microbiologist Beijerinck, first time isolated a bacte-
rium from root nodules and named it as Bacillus radicicola (Beijerinck 1888) and
later Frank renamed it Rhizobium leguminosarum (Frank 1889).

The first commercial N biofertilizer of rhizobia, ‘Nitragin’ was patented by
Nobbe and Hiltner (1896). Famous agricultural chemist Guthrie stated about rhizo-
bial inoculants “one of the most valuable contributions ever made by science to
practical agriculture” (Guthrie 1896). In the nineteenth century, Lohis and Hansen
(1921) classified the rhizobia into two groups according to their growth patterns as
slow growers and fast growers. Baldwin and Fred (1929) proposed the cross inocu-
lation between some leguminous host plants and rhizobia. This cross inoculation
concept was suggested for taxonomic characterization of rhizobia, based on cross
inoculation groups (Eckhardt et al. 1931; Fred et al. 1932).

Before the discovery of rhizobia, the inoculation of seed or soil was done in the
crop by “soil transfer method”, in which soil from legume grown field to field or
field to seed were applied before planting (Fred et al. 1932). However, artificial
inoculation techniques by using pure cultures on agar slants and broths also began
(Nobbe and Hiltner 1896; Fred et al. 1932). Inoculant production techniques started
to change from those of the early 1900s, and use of solid carrier based formulations
were started for legume inoculants, which were developed to enhance the shelf life
and field efficacy of inoculants. In this context, soil and peat formulations were used
(Fred et al. 1932). Peat was the most important carrier for long term storage of
inoculants because of some beneficial properties, e.g., high water holding capacity,
chemical and physical evenness, non-toxic and environment friendly nature (Ferreira
and Castro 2005). Although peat was being used as the most common type of carrier
for rhizobia based inoculants (Bezdicek et al. 1978; Khavazi et al. 2007; Albareda
et al. 2008) but some constraints were also reported, such as it may contain inhibi-
tory factors for the microbes (Brockwell 1985) and lack of availability in many parts
of the world. Hence, the interest in using other carrier materials was also on. The
carrier materials such as lignite (Kandasamy and Prasad 1971), filter mud (Philpotts
1976), coal-bentonite mixture (Deschodt and Strijdom 1976), cellulose (Pugashetti
et al. 1971), coal (Crawford and Berryhill 1983), bagasse, wheat straw, compost of
coir dust and soil, charcoal, manure, compost, powdered coconut shells, ground
teak leaves also started to find their way in rhizobial inoculants (Tilak and Subba
Rao 1978). Solid carrier based inoculants were also developed as granular inocu-
lants for direct application in soil (Brockwell et al. 1980), and key benefits of this
technique were easy storage, handling, and application (Smith 1992).

It is reported that liquid based formulations for rhizobia were developed as alter-
natives and were effective (Van Schreven et al. 1953; Singleton et al. 2002). Smith
et al. (1981) reported that nodule numbers increased when applied with liquid rhizo-
bial inoculants. The freeze-dried inoculants based on lyophilization techniques were
first time identified as commercially beneficial in 1958 (Brockwell 1982). Bonish
(1979) applied diluted soil samples to inoculate clover seedlings growing in lab con-
ditions. At that time gel based microbial inoculants were also developed as
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alternatives to powdered carrier-based inoculants by entrapping rhizobia in polymer
gels such as polyacrylamide-entrapped Rhizobium (PER) (Dommergues et al. 1979),
alginate-entrapped Rhizobium (AER), xanthan-entrapped Rhizobium (XER); which
gave satisfactory results in wet conditions (Jung et al. 1982). Kremer and Peterson
(1982) reported that freeze-dried rhizobia suspended in dried oil were resistant
against high soil temperatures. Brockwell et al. (1988) found whole soil inoculation
technique (WSIT) suitable for clover production. In this method, rhizobial popula-
tions of soil were used to inoculate plants for assessing the N, fixing capability of that
soil. Thies et al. (1991) developed simple functions to predict the need for inocula-
tion based on numbers of rhizobia in the soil and soil nitrate levels.

Use of flavonoids (genistein/daidzein) for enhancing soybean yield was patented
by Smith and Zhang (1999) which was commercialized as SoyaSignal™ (Leibovitch
et al. 2001). Ballard and Charman (2000) used the Brockwell technique (WSIT) to
evaluate the symbiotic N,-fixing potential of soil samples. Other formulation types
also appeared in the market, such as the vermiculite-based Gold Coat TM Rhizobium
inoculant (Paau et al. 1991), liquid seed-applied soybean inoculant, Cell-Tech®
(Smith 1995), liquid in-furrow inoculant LIFT (Smith 1995) and air-dried clay pow-
der for alfalfa, Nitragin® Gold (Smith 1995). It can be said that rhizobial species
have been successfully marketed globally and inoculants are produced and used in
many countries in all continents of the world (Nelson 2004).

Hussain et al. (1995) introduced precursor based inoculum technology for growth
enhancement of lentil crop in which indole acetic acid (IAA) precursor (tryptophan)
was added with inoculum. The commercialisation of a genetically engineered strain
of Sinorhizobium meliloti was approved in 1997 (EPA 1997). After few years, modi-
fications in liquid inoculants were proposed; Singleton et al. (2002) developed addi-
tives and cell protectants based liquid formulations for improved growth
performance. The additives promote cell survival in storage and after application to
seed or soil (Singleton et al. 2002). Commonly used additives for rhizobial inocu-
lants were polyvinyl pyrrolidone (PVP), carboxymethyl cellulose (CMC), gum ara-
bic, sodium alginate and glycerol. PVP is a synthetic vinyl polymer that improves
survival of rhizobia by protecting it from desiccation and also from harmful seed
coat exudates (Singleton et al. 2002). The CMC has important rheological property
and increases the gel viscosity of carriers to make it more suitable for viability of
rhizobial cells (Rohr 2007). Gum arabic is a complex carbohydrate extracted from
Acacia and commonly used as adhesive to protect the rhizobia against desiccation
(Wani et al. 2007). Sodium alginate is non-toxic compound and used to enhance the
survival of inoculant because it has limited heat transfer property and high water
activity (Jung et al. 1982). Glycerol is used as additive because it protects rhizobial
cells from desiccation by slowing the drying rate (Manikandan et al. 2010).

Besides above mentioned carriers for rhizobial inoculants, waste water sludge
was also used as a carrier and it was firstly reported by Ben Rebah et al. (2002a).
There are various other types of formulations with different carriers developed for
rhizobial inoculants and some of them have been patented, e.g., the patent no.
521.850 (Belgian) for Rhizobium which uses diatomaceous earth and colloidal sil-
ica; the British patent no. 1.777.077 for the use of bentonite for Rhizobium. For
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more advancement in formulation techniques, genetic modification of rhizobia is
also being done to increase the efficiency of N, fixation such as genes that regulate
the Hup system (recycles the hydrogen released during nitrogen fixation) have been
identified and transferred (Brito et al. 2002).

From the beginning of twentieth century, extensive research has been carried out
for development of state of the art rhizobial bioformulations and advents of newer
techniques have provided inputs in this direction. There are various modifications
related to rhizobial inoculants that have been done since their inception and the
major events in the history are compiled in Fig. 4.4. The rhizobial inoculants are
being used from long time in diverse types of formulations and detail of some for-
mulations are given in Table 4.1.

4.3 Present Scenario

The application of rhizobial bioformulations is one of the cheapest and eco-friendly
approaches for improving production of leguminous plants and fixation of atmo-
spheric nitrogen (Thakare and Rasal 2000). It has been estimated that 2000 tons of
rhizobial inoculants of worth US$ 50 million are produced worldwide every year
(Ben Rebah et al. 2007) and this quantity is sufficient to inoculate 20 million hect-
ares of legumes (Herridge et al. 2002). Currently, there are various types of rhizo-
bial bioformulations available in the market for agricultural purposes and all are
categorized mainly into two major groups - solid formulations and liquid formula-
tions (Burges and Jones 1998). Peat is still most common carrier material in rhizo-
bial inoculant production (Kaljeet et al. 2011) and other carrier materials such as
coal, bagasse, coir dust, perlite are also used (Albareda et al. 2008). In a recent
study, Ruiz-Valdiviezo et al. (2015) worked on the granular peat based and perlite
based bioformulations. The additive based solid inoculants are also used such as
sawdust based formulations amended with CMC (Aeron et al. 2012).

Liquid formulations are used for legume inoculation as more suitable technique
for mechanical sowing in large areas (Fernandes-Junior et al. 2009). Liquid formu-
lations typically contain aqueous, oil or polymer based products and these formula-
tions may have the desired strain and its nutrients, which are more tolerant to
adverse conditions (Brahmaprakash and Sahu 2012). One of the methods for liquid
formulations is water-in-oil emulsions (Vandergheynst et al. 2007), which is benefi-
cial for desiccation sensitive organisms as it slows down water evaporation.
Currently, additive based liquid formulations are in greater use and demand (Rivera
et al. 2014; Ruiz-Valdiviezo et al. 2015).

Polymer gel based formulation techniques and synthetic polymer based tech-
niques are also in focus (Fernandes-Junior et al. 2009). Synthetic formulations based
on a mixture of polymers have been continuously investigated (Bashan 1998; John
etal. 2011). Alvarez et al. (2010) used silica gel as efficient formulation technique for
rhizobial inoculants. Denardin and Freire (2000) reported that blends of natural
or synthetic polymers are able to maintain viability of rhizobial cells for over 6
months. For agricultural and environmental uses, these polymers include alginate,
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Table 4.1 Overview of some of the rhizobial bioformulations around the globe
Formulation type Additives Microorganism | Plant species | References
Liquid (culture Glycerol, PVP, Bradyrhizobium | Soybean Singleton et al.
media or water) trehalose, Jjaponicum (2002)
FeEDTA
PVP; FeEDTA Several rhizobia | Soybean Albareda et al.
B. japonicum (2008)
Unknown B. japonicum Soybean Maurice et al.
(commercial) (2001)
Gum Arabic Bradyrhizobium | Acacia Diouf et al.
sp.; Rhizobium mangium, (2003),
sp. Greengram, Gamal-Eldin and
Leucaena Elbanna (2011),
leucocephala | and Wani et al.
(2007)
Organic None or with B. japonicum; Chickpea, Clayton et al.
inoculants (peat) undisclosed Rhizobium sp.; faba (2004), Hamaoui
additives beans, maize, | etal.
Applications as: | Rhizobium pea, soybean | (2001),Hungria
leguminosarum et al. (2010),
Seed coating | bv. viceae Hynes et al.
and pellets (2001), Khalid
et al. (2004), and
Revellin et al.
(2000)
Vermiculite Rhizobia Calliandra Kokalis-Burelle
calothyrsus et al. (2003) and
Odee et al.
(2002)
Pyrophyllite Trichoderma Bell pepper Meyer et al.
(hydrous virens and (2001)
aluminum Burkholderia
silicate) cepacia
Arabic gum Several Bean, Albareda et al.
Rhizobium and Lupinus, (2009) and
Bradyrhizobium | Hedysarum Temprano et al.
(2002)
Coir dust/coco Lignite Bacillus Soybean Raja Sekar and
peat vermicompost/ megaterium and Karmegam
earthworm R. (2010)
compost leguminosarum
Sawdust Composted by B. japonicum, Groundnuts, Kostov and
inoculation with | B. Arachis, lucerne and a Lynch (1998)
Cephalosporium | R. meliloti, grass mixture of
sp. and R. lotus bird’s foot trefoil
Azospirillum and ryegrass,
Brasilense soybean

(continued)



78

N.K. Arora et al.

Table 4.1 (continued)

Formulation type Additives Microorganism | Plant species References
Sawdust None R. leguminosarum| Trifolium Arora et al.
and Pseudomonas| repense (2008)
fluorescens
Fibers from Gum Arabic, Several rhizobia; | Soybean Albareda et al.
brewer’s spent CMC B. japonicum (2008)
barley grain grape
bagasse, cork
compost
Wastewater sludge | Acid, alkaline and | S. meliloti, R. Not tested Ben Rebah et al.
oxidative leguminosarum (2002a, b)
pre-treatments bv viciae, B.
Jjaponicum and B.
elkanii
Clay soil Elemental sulfur | Rhizobium sp. Groundnut Anandham et al.
and Thiobacillus (2007)
sp.
Loess soil None Phosphate None Lietal. (2011)
solubilizing
bacteria (PSB)
and Rhizobium
sp.
Clay minerals, Gum Arabic, Several rhizobia; | Soybean Albareda et al.
perlite CMC B. japonicum; (2008)
B. megaterium
Local soils None Rhizobia Calliandra Hashem (2001)
calothyrsus, and Odee et al.
rice (2002)
Perlite Gum Arabic Rhizobium and Bean, Temprano et al.
Bradyrhizobium | Lupinus, (2002)
Hedysarum,
Soybean
Alginate None Rhizobium spp. | Leucaena Forestier et al.
Leucocephala | (2001)
CMC/corn starch MgO Rhizobia Cowpea Fernandes-Jtnior
Azospirillum et al. (2009)
amazonense,
B. tropica

Modified from Bashan et al. (2014)

agar, A and k carrageenan, pectin, chitosan, bean gum, and proprietary polymers
(Bashan et al. 2014). Granular vermicompost, produced from essential oil bearing
crop, scented geranium (Pelargonium graveolens), is used as efficient carrier for rhi-
zobia (Ben Rebah et al. 2007). Some natural compounds such as cow urine and cal-
literpenone added to rhizobial bioformulations increased the numbers of rhizobial
cells by tenfold when supplemented at 12.5-25.0 pl/ml (Kalra et al. 2010).
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In case of rhizobial inoculants, mono-inoculation, co-inoculation or multistrain
inoculation are also being used (Arora et al. 2014; Malusd and Vassilev 2014; Verma
et al. 2014). The application of rhizobia in combination with other plant growth
promoting rhizobacteria (PGPR) are used as suitable alternatives to promote plant
growth both under normal and stress conditions, for example, plant growth promot-
ing bacteria (PGPB) and rhizobia enhance nodulation, nitrogen fixation symbioti-
cally (Rodrigues et al. 2013; Arora et al. 2014; Chibeba et al. 2015) and increase the
grain yield by involving diverse mechanisms (Hungria et al. 2015). It is reported
that Rubiya (2006) developed the ‘“Multigeneric diazotrophic co-flocs”
(Azospirillum, Azotobacter and Rhizobium) and reported good improvement in rice
yield. The biofilm based inoculants containing a fungal-rhizobia consortium were
also applied significantly for increased N, fixation in legumes (Jayasinghearachchi
and Seneviratne 2004). The soil-made inoculants are also used by mixing clay soil
inoculant with powdered elemental sulphur and inoculation of sulphur oxidizing
bacteria (Thiobacillus sp.) with rhizobia synergistically promoted the yield and oil
content of groundnut in sulphur-deficient soils (Anandham et al. 2007). Khare and
Arora (2011) reported that on applying pyocyanin-producing pseudomonads
together with rhizobia, an enhancement in nodulation ability is observed, which
causes better growth and productivity of groundnut even in the presence of fungal
phytopathogens. The consortium based liquid bioformulation technique is now
being used as an important way for sustainable agriculture (Pindi and Satyanarayana
2013). Some of the recent trends include arbuscular mycorrhizal fungi (AMF) and
rhizobia co-inoculation, which enhance the growth and yield of crops due to higher
nutrient uptake (Abd-Alla et al. 2014b). AMF causes the enhancement in nitrogen
uptake process by rhizobia and their association with legumes (Tajini et al. 2011).
Meng et al. (2015) stated that AMF and rhizobia simplify the nitrogen uptake pro-
cess and transfer in soybean/maize inter-cropping system. This AMF and rhizobia
co-inoculation has great potential for stressed soils. Zhu et al. (2016) reported that
AMF and nitrogen fixing bacteria enhance alfalfa yield under saline conditions.

There is also an emerging formulation technique in which the addition of micro-
bial/plant associated secondary metabolites to bioformulations increases agricul-
tural productivity by improving the inoculants efficiency (Morel et al. 2015). In the
current market, metabolite based formulations for rhizobial inoculants are highly
focused and the additions of flavonoids and phytohormones are being used for rhi-
zobial inoculants. Plant inoculation with rhizobial cells, previously induced with
flavonoids during growth, significantly alleviates the effects of adverse conditions
(Népoles et al. 2009; Mufoz et al. 2014). The addition of flavonoids to inoculated
crops enhances the nitrogen fixation (Dashti et al. 2000), improves the rhizobial
competitiveness and nodulation (Pan and Smith 2000). Although flavonoids are
expensive, these act at very low concentrations and produced industrially for sus-
tainable agriculture (Mishra and Arora 2016; Morel et al. 2016).

The phytohormones produced by microbes or plants show positive effects on
plant growth (Hedin and McCarty 1994; Dazzo et al. 2000; Chandra et al. 2007;
Tank and Saraf 2010; Kudoyarova et al. 2015). The inoculations of plants with phy-
tohormones producing rhizobia have positive effects on plant development and seed
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priming with phytohormones (IAA, gibberellins, abscisic acid and ethylene)
increase the germination rate and finally crop yields (Roberto et al. 2012; Bianco
et al. 2014; Kudoyarova et al. 2014; Qiu et al. 2014). Addition of phytohormones to
bioformulations increases plant development and yield in comparison to bioformu-
lations alone (Morel et al. 2016). Although various types of rhizobial bioformula-
tions are commercially available in the current market having diverse types of
additives, adjuvants and metabolites, it needs more exploration for future use.

4.4 Limitations: With the Current System

The demand of bioinoculants, mainly rhizobial inoculants, is high and these are
produced commercially at global level (Brockwell and Bottomley 1995). Although
rhizobial bioformulations have very significant value in agriculture, these also have
some limitations. It is obvious that on application of inoculants in field, the intro-
duced microbes face a very hostile environment and sometimes their population
decreases, which leads to failure (Bashan and Levanony 1988; Arora et al. 2001). In
some cases, applied rhizobial inoculants are unable to increase sufficient crop yield
because of competitions faced by indigenous rhizosphere microflora of plants
(Merwe et al. 1974; Olufajo and Adu 1993; Mazid and Khan 2014). Generally,
predatory organisms, protozoans and bacteriophages are already present in the soil
(Somasegaran and Hoben 1994). The environmental conditions also affect the inoc-
ulant efficacy and adverse abiotic stresses (hot, dry and saline conditions) can cause
rapid decrease in rhizobial populations (Mazid et al. 2011; Deshwal et al. 2013).
Other factors such as bacterial survival on the seed are mainly affected by three fac-
tors: desiccation, the toxic nature of seed coat exudates and high temperatures
(Deaker et al. 2004). Bacterial survival on seed directly affects the total legume/crop
yield (Brockwell and Bottomley 1995). Sterilization techniques of inoculant carrier
(Strijdom and van Rensburg 1981) and compatibility towards crop also affect the
applicability of inoculants (Lupwayi et al. 2006). Shelf life of inoculants is a very
major factor for their efficacy which mainly depends on several factors (production
technology, carrier and packaging material used, transport activity) to sustain the
quality of inoculants (Arora et al. 2010). Often import and proper storage of inocu-
lants are also problematic because in absence of proper care, viability of inoculants
decreases with loss in their beneficial properties (Kaljeet et al. 2011). The storage of
bioformulations needs special facilities and skills, which most producers, shopkeep-
ers, and farmers do not possess (Arora et al. 2010). The use of genetically improved
rhizobia as inoculants has some legislative constraints because it requires permis-
sion from environmental protection agencies to release into the environment and the
second problem is less understanding of microbial ecology (Geetha and Joshi 2013).

All inoculant producers claim that their products promote crop productivity but
actually most of the products are available in the market without robust scientific
data to favour their efficacy (Herrmann et al. 2015). In this regard, Brockwell et al.
(1995) stated that most of the inoculants (90%) have no practical impact on the yield
of target crop. Similarly, Olsen et al. (1996) reported that commercially available
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rhizobial inoculants lack proper population of rhizobial cells. Recently, Herrmann
et al. (2015) analysed various inoculants and reported that more than 50% of the
inoculants have high levels of contamination. It is also reported that contaminants
have detrimental effects on the quality of rhizobial inoculants (Sparrow and Ham
1983; Rodriguez-Navarro et al. 1991) and 25% contaminants of the commercial
inoculants can be opportunistic human pathogens (Olsen et al. 1996; Gomez et al.
1997).

The quality of inoculants is judged by their efficacy on application in field and if
their quality and field performance is poor, then the product become unsuccessful in
the market. Hence a lot of inoculants produced globally are of poor quality and the
reason behind this issue is the lack of efficient quality control programmes
(Somasegaran 1991; Brockwell and Bottomley 1995; Catroux et al. 2001). This
drawback can lead to a negative impact on the future of the inoculant industry. In
this context, various researchers suggested the need of an appropriate regulatory
quality control program at international level for successful production and use of
inoculants by end users (farmers) (Olsen et al. 1994; Herrmann et al. 2015; Arora
etal. 2016). Thus, there is a requirement of strict regulations for rhizobial bioformu-
lations to overcome above mentioned problems related with its worldwide produc-
tions and applications. All these factors have to be taken into accord to develop
future rhizobial inoculants.

4.5 Future Prospects

The future of rhizobial formulations is directed to overcome or improve the lacunae
associated with the present systems. As there are various types of rhizobial formula-
tions available in the market, but each product has some limitations especially
regarding their use, efficacy, survival or market availability. Hence, it is challenging
task to develop a state of art formulation technology that fulfils all the required traits
and make it available to farmers with global acceptancy. In this context, novel sci-
entific approaches and information has also led to some good results and promise.
For example, genotypic diversity of rhizobia can be assessed accurately by poly-
merase chain reaction (PCR) fingerprinting techniques such as enterobacterial
repetitive intergenic consensus PCR (ERIC- PCR; Pongslip 2012), repetitive ele-
ment palindromic PCR (rep-PCR; Menna et al. 2009) and enterobacterial repetitive
sequences (BOX- PCR; Granada et al. 2014). These techniques help in the charac-
terization of rhizobial strain which controls quality of inoculants (Pongslip 2012).
Similarly, two primers random amplification polymorphic DNA (TP-RAPD) and
amplified fragment length polymorphism (AFLP) are highly discriminating finger-
printing techniques and differentiate at species or below species level (Gzyl et al.
2005). However, emphases should also be given on techniques for increasing popu-
lation density and survival of rhizobial strains in inoculants. Damasceno et al.
(2013) devised electrospinning technique of rhizobia immobilization in nanofibers.
They showed that encapsulation of rhizobial cell with polyvinyl alcohol (PVA)
nanofibers enhances protection from dehydration and also minimized the effects of
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toxic chemicals. Nanoparticles made of inorganic or organic materials may enhance
the quality of carrier-based microbial inoculants (Malusaetal. 2012). Sivasakthivelan
and Saranraj (2013) also stated that survival of cells is mandatory for better com-
mercialization of rhizobial inoculants in the global market. Suman et al. (2016) used
the hydrogel based inoculants and experimentally proved that this method has low-
cost and long shelf-life and also increased plant development in drought-prone envi-
ronments. There has been a conflict in choosing a carrier for rhizobia inoculant
development, as the carrier choice differs greatly in different inoculants. It is clear
that same basic carriers are still in use. Various workers addressed that to increase
the inoculant quality and efficiency, and to reduce costs and environmental impacts,
alternative carrier materials have to be explored (Ben Rebah et al. 2007; Albareda
etal. 2008). Polymeric inoculants (Bashan et al. 2014) and alginate beads (Sivakumar
et al. 2014) have already been tested and need more exploration for their future use
in inoculants.

Recently, Arora and Mishra (2016) provided their view on using metabolites and
additives in bioformulations. Metabolites such as EPS can be used as carriers and
also can play role in protection of cells and help in the nodulation process. The rhi-
zobia nodulation genes nod ABC are involved in the synthesis of lipo-chitin oligo-
saccharides (LCOs) metabolites which are synthesized in the response of root
exudates or flavonoids (Abdel-Lateif et al. 2012). LCOs increase plant growth
development on applying alone or in combination with rhizobia and have given bet-
ter results in field conditions (Miransari and Smith 2009; Marks et al. 2013). LCOs
also act as growth regulators in a wide variety of plants, including non-legumes
(Zhang and Smith 2002; Prithiviraj et al. 2003). Novozyme, first started to manufac-
ture bioformulations containing LCOs and this technology is known as LCO pro-
moter technology. These days, single formulations containing LCOs (Ratchet® and
Torque®) or formulations with bacteria (Optimizell®, Signum® and
DynaStartMax®) are being marketed (Bioag.novozymes.com 2015).

Precursor in inoculant technology is also emerging as promising technique for
efficient rhizobial bioformulations development (Naveed et al. 2015). Qureshi
et al. (2012) found that the co-inoculation of Rhizobium and Bacillus sp. in the
presence of a phytohormone precursor L-tryptophan (L-TRP) improved the pod
and straw yield. Similarly, Qureshi et al. (2013) showed that interaction of L-TRP
and rhizobial species increased the fresh fodder and dry matter yield in comparison
to their separate application. Micronutrients have important role in nitrogen fixa-
tion and in this regard, Arora et al. (2009) recommended that the supplementation
of Mo and Fe (up to certain concentrations) in soils along with the rhizobial formu-
lations enhance the symbiotic nitrogen fixation process. Mmbaga et al. (2014)
reported that the rhizobial inoculants supplemented with exogenous nutrients
(phosphorus and potassium) improved photosynthesis, nutrient uptake, nodulation,
growth and yield of the crop. According to Marks et al. (2013) and Morel et al.
(2015), the bioformulations based on a mixture of various compounds, e.g., phyto-
hormones, LCOs, flavonoids may be very useful for higher plant growth, and fur-
ther research is required in this field.
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The discovery of novel stress tolerating rhizobial species is also thought to be
imperative in developing bioformulations that will survive in stress conditions (high
temperature, drought, salinity) (Arora et al. 2012; Laranjo et al. 2014; Rao 2014).
Currently, various types of rhizobial species have been discovered but only few of
them are used as inoculants (Table 4.2). Stress tolerant bacteria have lots of scope
for bioformulations production and also have important role in reclamation of waste
lands (Arora et al. 2000, 2006). In a study, Karuppasamy et al. (2011) showed that

Table 4.2 Classification of rhizobia and their inoculants used in global market

Genus

Species

Inoculant crop

References

Rhizobium

leguminosarum

Lactuca sativa and
Daucus carota, Pea

Flores-Félix
et al. (2013) and
Clayton et al.

(2004)

galegae Galega orientalis Vassileva and
Ignatov (2002)

tropici Zea mays Marks et al.
(2015)

endophyticum P vulgaris Lépez-Lopez
et al. (2010)

phaseoli Vigna radiate Zabhir et al.
(2010)

fabae V. faba Tian et al.
(2008)

etli P. vulgaris Soares et al.
(2006)

undicola Neptunia natans de Lajudie et al.
(1998)

gallicum P. vulgaris Sassi-Aydi et al.
(2012)

giardinii P. vulgaris Amarger et al.
(1997)

hainanensis NA NA

huautlense Sesbania herbacea Wang and
Martinez-
Romero (2000)

mongolense Medicago ruthenica Van Berkum
et al. (1998)

yanglingense NA NA

larrymoorei NA NA

indigoferae NA NA

sullae Hedysarum coronarium | Fitouri et al.
(2012)

(continued)
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Table 4.2 (continued)

Genus Species Inoculant crop References
loessense NA NA
cellulosilyticum P. vulgaris Diez-Mendez
et al. (2015)

miluonense Lespedeza chinensis Gu et al. (2007)

multihospitium NA NA

oryzae Glycine max Waswa (2013)

pisi NA NA

mesosinicum NA NA

alamii Helianthus annuus Alami et al.
(2000)

alkalisoli NA NA

tibeticum Trigonella Abd-Alla et al.

foenumgraecum (2014c)

tubonense NA NA

halophytocola NA NA

radiobacter Graminaceous crops Humphry et al.
(2007)

rhizogenes NA NA

rubi NA NA

vitis NA NA

nepotum NA NA

Ensifer meliloti Medicago truncatula, Olah et al.
Mucuna pruriens (2005) and

Aeron et al.
(2012)

[fredii G. max Albareda et al.
(2008)

sahelense NA NA

terangae NA NA

medicae NA NA

arboris NA NA

kostiense NA NA

xingianens NA NA

adhaerens NA NA

kummerowiae NA NA

americanum P. vulgaris Mnasri et al.
(2012)

mexicanus P. vulgaris Lloret et al.
(2007)

numidicus NA NA

Shinella kummerowiae NA NA

(continued)
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Table 4.2 (continued)
Genus Species Inoculant crop References
Mesorhizobium loti Lotus corniculatus Karas et al.
(2015)
huakuii NA NA
cicero Cicer arietinum Rokhzadi et al.
(2008)
tianshanense NA NA
mediterraneum Hordeum vulgare, Cicer | Peix et al.
arietinum (2001) and
Dudeja et al.
(2011)
plurifarium NA NA
amorphae NA NA
chacoense NA NA
septentrionale NA NA
temperatum G. max Waswa (2013)
thiogangeticum NA NA
albiziae Albizia kalkora, G. max | Wang et al.
(2007) and
Waswa (2013)
caraganae NA NA
gobiense NA NA
tarimense NA NA
australicum NA NA
opportunistum NA NA
metallidurans NA NA
alhagi NA NA
camelthorni NA NA
abyssinicae NA NA
muleiense NA NA
hawassense NA NA
qingshengii NA NA
robiniae NA NA
shonense NA NA
shangrilense NA NA
silamurunense NA NA
tamadayense NA NA
Phyllobacterium trifolii Fragaria ananassa Flores-Felix
etal. (2015)
Methylobacterm nodulans Crotalaria perrottetii Jourand et al.

(2004)

(continued)
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Table 4.2 (continued)

Genus Species Inoculant crop References
Microvirga lupine NA NA
lotononidis Leobordea sp. Ardley et al.
(2013)
zambiensis NA NA
Ochrobactrum sp. cytisi Cucumis sativus Xu et al. (2015)
lupine Lupinus albus Trujillo et al.
(2005)
Azorhizobium caulinodans Leucaena leucocephala | Waelkens et al.
(1995)
dobereinereae NA NA
oxalatiphilum NA NA
Devosia neptuniae Neptunia natans Rivas et al.
(2003)
Bradyrhizobium Jjaponicum G. max Zerpa et al.
(2013)
elkanii Vigna unguiculata Soares et al.
(2006)
iaoningensese NA NA
yuanmingense G. max Soe and
Yamakawa
(2013)
betae NA NA
canariense NA NA
iriomotense NA NA
Jicamae NA NA
lablabi NA NA
huanghuaihaiense NA NA
cytisi NA NA
dagingense NA NA
denitrificans NA NA
oligotrophicum NA NA
pachyrhizi NA NA
Burkholderia caribensis Amaranthus cruentus Parra-Cota et al.
and A. hypochondriacus | (2014)
cepacia P vulgaris Peix et al.
(2001)
tuberum Macroptilium Annette et al.
atropurpureum (2013)
phymatum P vulgaris Talbi et al.
(2013)

(continued)
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Table 4.2 (continued)

Genus Species Inoculant crop References
nodosa NA NA
sabiae NA NA
mimosarum NA NA
rhizoxinica NA NA
diazotrophica NA NA
endofungorum NA NA
heleia NA NA
symbiotica Mimosa cordistipula Sheu et al.

(2012)

ambifaria Zea mays, A. cruentus Ciccillo et al.

and A. hypochondriacus | (2002) and
Parra-Cota et al.
(2014)
vietnamiensis Oryza sativa Choudhury and
Kennedy (2004)
Cupriavidus taiwanensis Rhynchosia ferulifolia Garu et al.
(2009)
Pseudomonas NA NA Zhao et al.
(2013)

Modified from Berrada and Fikri-Benbrahim (2014)
NA Not Available

the growth of tree legumes Samanea saman could be improved by application of
stress tolerant rhizobia. Ahmad et al. (2013) also stated that halo-tolerant, auxin
producing Rhizobium strains improve osmotic stress tolerance in mung bean.
Recently, benefits of using exopolysaccharides (EPS) in bioformulation is docu-
mented (Tewari and Arora 2014; Thenmozhi and Dinakar 2014). EPS protects inoc-
ulated rhizobial cells from stress factors such as salinity, dessication and pH (Ophir
and Gutnick 1994; Qurashi and Sabri 2012). Use of EPS as efficient alternative
carriers for inoculant production is also reported (Rodrigues et al. 2015). Maheshwari
et al. (2012) suggested that the combined application of microbial inoculants and
fertilizer worked as better choice for farmers to reduce the risk and expenses of
chemical fertilizers.

Use of omics-based approaches (genomics and proteomics) can also be very use-
ful in enhancing our understanding of rhizobia-legume symbiosis (Ramalingam
et al. 2015). Omics based techniques including genomics, proteomics and metabo-
lomics can go a long way in designing state of the art bioformulation for a particular
soil and crop. Discovery of very similar signalling pathway in cereals as used by
legumes to fix nitrogen has opened the door of non-legume fixation (de Bruijn 2016)
and according to research by Rogers and Oldroyd (2014), in near future cereal crops
capable of fixing nitrogen will also be available by the application of synthetic bio-
logical approaches.
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4.6 Conclusion

Nitrogen is one of the key and limiting nutrients for agricultural ecosystems. The
most important process to bring the atmospheric nitrogen in use for living creatures
is BNF. Amongst microbes possessing the capacity to carry out BNF, rhizobia are
the most important. Rhizobial inoculants are being used since long time around the
globe, but still there is room for improvement so as to enhance the efficacy, produc-
tivity and credibility amongst the farmers. Liquid formulations are now picking up
the pace in comparison to solid carrier based ones. Different types of additives and
metabolites are also now being incorporated into the formulations to enhance their
shelf life, performance and efficacy. Gel based encapsulated inoculants are also
being used and with emergence of biotechnology, genetically improved inoculants
and co-inoculants of rhizobia with other PGPRs/AMFs are also being worked upon
in present time. Use of biotechnological tools and improvement in regulations can
go a long way in designing a rhizobial bioformulation which will be more reliable
and effective. To design a tailor made state of the art rhizobial formulation, it is very
important to further our knowledge on plant-microbe interactions by using the latest
tools and techniques. Also it would be better if the government and non-government
organizations help in spreading the knowledge of usefulness of such bioformula-
tions amongst the end-users. This is particularly required in developing nations. In
future, we must see an even greater role and share of rhizobial inoculants in the
market for sustainable supply of nitrogen to the future generations.
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Rhizotrophs in Saline Agriculture

Faizan Ullah and Asghari Bano

Abstract

The rhizo-deposition provides energy and nutritional inputs to soil with selection
of large and distinct community of metabolically active soil microbiota that carries
many biochemical transformations. Positive effects of Rhizobium, Pseudomonas,
Bacillus, and Azospirillum on the mitigation of salt stress in inoculated plants have
been documented. However, information is scarce regarding the mode of action of
the beneficial microbes in improving salt tolerance to host plants. This chapter
deals with the salt tolerance potential of rhizobacteria and their mechanism in
planta. It has been shown that cooperative microbial activities can be exploited as
a low input biotechnology. Addition of osmoprotectants increases tolerance of the
microbes to salt. Difference in the utilization of C/N sources also makes the differ-
ence in the salt tolerance of rhizobia. Field experiments should be conducted with
plant growth-promoting rhizobacteria (PGPR) isolated from stressed areas.
Furthermore, efficiency of growth regulators previously used to ameliorate salt
stress should be monitored in combination with PGPR, which may be useful as
future strategy to mitigate salt stress for agriculture productivity and environmental
sustainability. The mechanism of salt tolerance in PGPR appears similar to that of
growth regulators applied exogenously to plants.

5.1 Introduction

Salt stress is an important environmental stress significantly affecting plant growth
as well as deteriorating soil health and productivity. The FAO Land and Plant
Nutrition Management Service estimated greater than 6 % of the land globally
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Detrimental effects of salinity on plants

1

Direct effects Indirect effects

Osmotic stress  Nutrient imbalance Membrane dysfunction  Dehydration stress  Oxidative stress

Fig. 5.1 Mechanism of the effects of osmotic stress on higher plants
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Fig. 5.2 Production of phytohormones (pg/ml) by Pseudomonas sp. in culture media supple-
mented with tryptophan @ pg/ml and without tryptophan. —Trp = without tryptophan, +Trp = with
tryptophan. Adapted from Naz and Bano (2010)

affected by either salinity or sodicity (FAO 2008). The first response of salt stress is
osmotic adjustment. Mechanism of the effects of osmotic stress on higher plants is
given in Fig. 5.1. Plant survival under salt stress depends on maintaining a positive
turgor, which is indispensable for the expansion growth of cell and for the stomatal
conductance (Jaleel et al. 2007). The positive role of agrochemicals/growth regula-
tors on the physiology of salt tolerant crops has been documented (Pospisilova et al.
2005; Gurmani et al. 2009).

Thrall et al. (2009) demonstrated that using plant microbe interaction to revege-
tate and restore the stressed soil is important and that the salt tolerance potential was
higher in rhizobial population from saline soil. The genetic profile was also different
from those isolated from non-saline area. Chakraborty et al. (2011) reported highly
salt-tolerant bacteria from the rhizosphere of Cynodon dactylon, a facultative halo-
phyte which can tolerate 10 % NaCl (Fig. 5.2).
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The prerequisite for the effective usage of PGPR is the knowledge of how
microbe community varies along environmental stress gradient and that how such
variations are related to symbiotic effectiveness. Many reviews have been published
on these fundamental biological understanding about plant microbe interactions
(Muneer et al. 2012; Paul 2012). This article aims to provide salient features about
osmotic adaptation in PGPR including Rhizobium, Frankia, and EM, also empha-
sizing the role of PGPR in crosstalk between biotic and abiotic stresses of plants,
which may be useful as future strategy to mitigate salt stress for agriculture produc-
tivity and environmental sustainability.

5.2  Plant Growth Promotion by Rhizobacteria

Agricultural manipulation of free living and symbiotic rhizobacteria has gained
considerable attention in modern agriculture (Akbari et al. 2007; Figueiredo et al.
2010). These beneficial bacteria are valuable component of the ecosystem and
exhibit significant impact on biogeochemical cycle and induce systemic resistance
in plants against pathogens (Walsh et al. 2001) and seedling establishment (Wei
et al. 1996). Literature is documented on the use of rhizobacteria for improving
growth, yield, and quality of economically important agricultural crops (Hayat et al.
2010; Ahemad and Khan 2011).

The most successful plant bacteria relationships in this context are (i) mutualistic
symbiosis involving Rhizobium; (ii) associative symbiosis involving diazotrophs,
most of them produce phytohormones, e.g., bacteria of genera Pseudomonas,
Bacillus, etc. (Dobereiner and Pedroza 1987); and (iii) symbiotic association of
Frankia with actinorhizal plants (Bargali 2011). According to their existence and
association with plants, PGPR can be grouped into two types: (i) extracellular
(ePGPR) existing in the rhizosphere, on the rhizoplane, or living between cells of
the root cortex and (ii) intracellular existing inside the root cells as in nodules
(iPGPR) (Figueiredo et al. 2010).

53 Plant Microbe Interaction Under Saline Condition

Monocotyledon and dicotyledon species can respond in a different way to microbial
inoculation due to differences in root architecture, composition of root exudates,
and the exudation activity (Munns and Tester 2008). Flavonoids secreted by plants
play a key role in plant microbe interactions and can affect the salinity tolerance
(Dardanelli et al. 2009). Miransari and Smith (2009) reported positive role of nod
gene inducer genistein, a flavonoid, in mitigating effect of salinity on soybean-
Bradyrhizobium japonicum symbiosis. Since plant age and physiological conditions
determine the amount and type of signal molecules (Eckardt 2006), the salt-induced
alteration of the plant metabolism may affect the type and amount of signal mole-
cules and thus the molecular crosstalk between the two symbionts.
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5.4 Salt Tolerance Potential of Rhizobacteria

Rhizobacteria growing in saline soil survive and tolerate salinity more efficiently
than higher plants. The threshold level of salt tolerance in most plants is 40 mM
NaCl though survival of barley can occur at 170 mM NaCl (Leonova et al. 2005).
The salt tolerance potential of microbial isolates is significantly higher from salt
range as compared to that of non-saline soil. The presence of osmoprotectant further
enhances their salt tolerance potential. Hua et al. (1982) isolated Rhizobium spp.
strain WR 1001 from Sonoran desserts, which could tolerate up to 500 mM NaCl, a
concentration approaching the concentration of seawater. Hartmann and Zimmer
(1994) reported that Azospirillum sp. can survive in seawater and can be associated
with mangrove roots. A. brasilense (N040) isolated from hypersaline soil was found
to tolerate up to 1,800 mM NaCl when grown in the basal medium (Omar et al.
2008). A. brasilense NH from saline soil could tolerate 300 m.mol/L. NaCl in the
absence of osmoprotectant, and the tolerance was doubled with the osmoprotectant
(Chowdhury et al. 2007). Gontia-Mishra and Sharma (2012) isolated eight rhizo-
bacterial species from rhizosphere of a halophyte Salicornia brachiata. These
microbes were subjected to salt stress in minimal medium M9 to determine their
osmotolerance properties. These rhizobacteria were capable of tolerating NaCl up
to 0.714 M NaCl. The Zhihengliuella sp. and Brachybacterium sp. were reported to
produce highest amount of proline as osmoprotective substance under salinity
stress.

Bacillus subtilis SU4T and Arthrobacter sp. SU1S8 tolerated up to 8 % NaCl
(Upadhyay et al. 2011). The Frankia spp. tolerated 1.5 mg NaCl per g soil with 60 %
decrease in N fixation when inoculated to Casuarina obesa Miq. in field (Reddell
et al. 1986). Tani and Sasakawa (2000) observed that growth of the strain of Frankia
isolated from the root nodules of E. macrophylla was inhibited by 100 mM NaCl.
However, the Na* in the cells was maintained below 20 mM. On return to salt-free
medium, their growth was recovered and they were capable of multiplication.
Gomaa et al. (2008) isolated 16 Frankia isolates, and their NaCl tolerance level was
checked over a range of NaCl concentrations (2.0, 4.0, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0,
10.0, and 10.5 %). They observed that two isolates (K 03 and K 05) were highly
tolerant to salt stress and tolerated NaCl up to 10 %. The isolates K 01, K 02, I 04,
and I 05 tolerated NaCl up to 9.5 %.The tolerance of different species of Rhizobium
to NaCl can range from 100 to 650 mM (Bernard et al. 1986). Tree rhizobia are rela-
tively more salt tolerant than the rhizobia associated with annual grain legumes. Both
Prosopis and Acacia spp. tree legumes are highly tolerant to salinity while grain
legumes are either moderately tolerant or sensitive to salinity (Bouhmouch et al.
2005), perhaps due to better competition with soil microorganisms and greater exu-
dation of phenolics and alkaloids from tree roots. El-Sheikh and Wood (1990) dem-
onstrated that fast-growing rhizobia were more salt tolerant than slow growers which
may be due to the differences in the use of C/N source. Role of the host plant in
determining tolerance to salt appears less important with Rhizobium legume symbio-
sis than in the association with free-living bacteria.
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5.5 Application of Rhizobacteria in Salt Tolerance of Crops

Leptochloa fusca, commonly known as Kallar grass, is a C, perennial halophytic
forage plant highly tolerant to salt, and thus it can grow in coastal salt marsh. The
roots of this plant harbor Azospirillum halopreferans (Reinhold-Hurek et al. 1987),
a salt-tolerant PGPR, as an endophyte. Due to the high salt tolerance ability of the
associated microsymbiont, the Kallar grass has been used to reclamate a wide range
of unproductive land. In addition, this plant can be associated with N-fixing bacteria
Cuealine and/or P-solubilizing bacteria (Phosphorein), and these bacteria also stim-
ulated growth of the Kallar grass at different levels of salinity (Tawfik et al. 2006).

Plant growth-promoting rhizobacteria can contribute to the reforestation process
of mangrove, which are important in coastal ecosystem and provide ecological
niche for various economically and ecologically important marine species. Bashan
and Holguin (2002) reported that mangrove rhizosphere bacteria can be inoculated
to maintain arid tropical mangrove ecosystems.

Inoculation of oil seed halophyte Salicornia bigelovii with eight species of halo-
tolerant bacteria from seawater significantly stimulated plant growth (Bashan et al.
2000). Inoculation of barley cvv. Giza 123 and Giza 2000 with A. brasilense (N040)
mitigated the adverse effect of salinity on photosynthetic pigment, photosynthetic
activity, stomatal conductance, transpiration rate, and accumulation of osmoregu-
lant and proline. Noteworthy, the oxidative stress was mitigated as evidenced by the
decreased activities of the antioxidant enzymes, viz., SOD, POD, and catalase. Aly
etal. (2003) observed that inoculation of maize plants with Azotobacter chroococcum
and Streptomyces niveus increased the content of total free amino acids, proline,
total soluble sugars, total soluble proteins, DNA, and RNA in shoots and roots of the
maize plants. Naz et al. (2009) reported that Azotobacter vinelandii Khsri isolated
from roots of Chrysopogon aucheri growing in Khewra salt range augmented pro-
line content in the shoots and roots of maize under salt stress. The isolates were
capable of producing IAA, GA, t-Zr, and ABA in the culture medium. Production of
grain legumes is particularly vulnerable because of their low tolerance to salinity.
According to Nabizadeh et al. (2011), salinity affects the morphogenesis of nodule
as well as the relative nitrogen fixation, which is affected more than plant growth
and root nodulation. At later stages of legume-Rhizobium symbiosis, when the nod-
ule is formed, the allocation of C to root nodules is not only reduced but also altered.
Salt stress decreases the permeability of the nodule which results in the contraction
of nodule inner-cortex cells and increases the levels of abscisic acid in the nodule
(Irekti and Drevon 2003). Rao et al. (2002) reported that salinity and sodicity
severely reduce the formation and functioning of root nodules in Rhizobium-legume
symbiosis, resulting in significant reduction in yield. Ogutcu et al. (2010) reported
that chickpea rhizobia exhibited diversity in their salt tolerance potential. It is fur-
ther evident from their results that the rhizobial isolates from wild chickpea were
more salt tolerant and the ability of chickpea to grow and survive in saline condi-
tions improved following inoculation.
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The microbial inoculant can also increase tolerance of seedlings at early phases
of growth under salinity stress. Inoculation with Azospirillum imparts higher per-
cent germination and better establishment of seedling (Barassi et al. 2006).

Creus et al. (1997) demonstrated that Azospirillum brasilense sp. 245 improved
water status of wheat seedling under salt stress, stimulated coleoptile growth, pro-
duced large leaves, increased stomatal conductance of leaves, and increased hydrau-
lic conductivity of roots (Okon 1985; Sarig et al. 1992). The PGPR can stimulate
root proliferation with increase in root biomass, which may provide tolerance to
plant (Mayak et al. 2004). Different response of plant organ to salt has been reported
in nodulated beans (Verdoy et al. 2004; Zhang et al. 2008).

Mixtures of bacterial species were more effective than single bacterial species in
stimulating the growth of halotolerant plants. Bashan et al. (2000) demonstrated
that inoculation with a mixture, composed of A. halopraeferens, two A. brasilense
strains, Vibrio aestuarianus strains, and Vibrio proteolyticus or a mixture of Bacillus
licheniformis and Phyllobacterium spp. significantly improved plant growth and
nutrient content of leaves. Inoculation of Vicia faba plants and subsequently exposed
to five NaCl levels (0-6 dsm™!) with Rabie and Almadivi (2005) reported better salt
tolerance potential of Azospirillum brasilense when combined with arbuscular
mycorrhizal fungus Glomus clarum.

5.6 Mechanism of Osmotic Tolerance in Rhizobacteria

The cellular adaptation to osmotic stress is important in order to determine the
growth and survival efficiency of rhizobacteria in the saline ecosystems. The
osmotic stress tolerance of rhizobacteria can be explained at molecular, biochemi-
cal, physiological, and morphological levels.

5.6.1 Molecular Adaptation (Proteomics and Transcriptomics)

The bacteria respond to salt stress by the induction of chaperons, chaperon-like
proteins, and peptidases to rectify the errors produced by high salinity during the
synthesis of protein and DNA (Hecker and Volker 2001). In these perspectives,
many membrane proteins, like those involved in the transport of compatible solutes
and ions, play a fundamental role in the adaptation of bacteria to salt stress (Hoper
et al. 2006). Modification of membrane proteins under salt shock has been reported
in bacteria. The ompF and ompC are the membrane proteins that determine the
permeability of the outer membranes. The total cellular levels of OmpF and OmpC
usually remain constant under normal conditions, but the relative proportions of
these two protein types vary. The conditions favoring the synthesis of OmpF repress
OmpC and vice versa. Media of low osmolarity enhance the levels of OmpF with a
subsequent reduction in the levels of OmpC. In contrast, media of high osmolarity
reduce the levels of OmpF and increase the levels of OmpC (Csonka 1989). Talibart
et al. (1994) demonstrated that salinity induced periplasmic glycine betaine-binding
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Table 5.1 Profile of salt Character of salt stress protein | Molecular weight (kDa)
stress proteins in the cell Newly induced 98
membrane of Pseudomonas Repressed 41
pseudoalcaligenes MSP-538 P
Overexpressed 42,43, 44,92, 94, 96

Adapted from Paul et al. (2005)

protein of 32 kDa size, which was involved in the uptake of glycine betaine by A.
brasilense SP7. Salt-induced changes in the protein profiles occurred in the halo-
phytic strains of rhizobia (Zahran et al. 1994). Paul et al. (2005) found one newly
induced protein (98 kDa) and one repressed protein (41 kDa) in the cell membrane
of Pseudomonas pseudoalcaligenes MSP-538 under salt stress. Moreover, six dif-
ferent new proteins were overexpressed (Table 5.1).

Twenty-two different proteins were regulated (up or down) in P. fluorescens
MSP-393 upon the imposition of salt stress. By using peptide mass fingerprinting
and bioinformatics tools, function was assigned to 13 induced proteins and 2
repressed proteins. All of the proteins identified had molecular weights and isoelec-
tric points between 12 and 77 kDa and between 4 and 7 pl, respectively. The induced
proteins 26i and 42i were associated with membrane. The proteins 41i, 391, and 71i
were induced under salt shock. Moreover, a 60 kDa chaperon was identified that
was upregulated in MSP-393 in response to salt shock (Paul et al. 2006).

Zhang et al. (2008) reported that Bacillus subtilis GBO3 downregulates the
expression of the sodium transporter gene HKTI in roots resulting in lower accumu-
lation of Na* in the plant. Similarly, tagging of Azospirillum lipoferum with green
fluorescence protein gene (gfp), i.e., Azospirillum lipoferum J A4::ngf15, minimized
the adverse effects of high concentration of NaCl (Bacilio et al. 2004).

5.6.2 Morphological, Physiological, and Biochemical Adaptation

Microorganisms have developed various biochemical strategies to maintain struc-
tural and functional stability of the cells (Westover et al. 1997). About 86 % of the
bacteria isolated from the rhizosphere of various plants produce secondary metabo-
lites and enzymes. He et al. (2010) studied the Desulfovibrio vulgaris Hildenborough,
adaptation to salt stress by taking into account the physiological, global transcrip-
tional, and metabolite analyses. Decrease in carbon metabolism was observed under
salt stress which was mainly due to downregulation of carbon utilization genes and
putative carbon starvation genes. The expression of several genes such as porA,
porB, oorB, and DVU3349-encoding pyruvate/ferredoxin oxidoreductase was sig-
nificantly decreased under salt adaptation. Moreover, the genes pta and ackA were
significantly down-expressed. The downregulation of genes involved in C-utilization
and C-starvation occurred resulting in decreased C-metabolism under salt stress.
Downregulation also occurred in genes encoding C-proteins in plant. Alloing et al.
(2006) further reported that bacteria also have the capacity to use compatible
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solutes, e.g., proline and glycine betaine, as C and N sources in addition to osmo-
protection. Proline also functions as molecular chaperons with ability to protect
protein integrity and enhances the activities of different enzymes (Szabados and
Savoure 2009).

Arcobacter sp. produces lipase, nitrate reductase, and collagenase under salt
stress. The C/N source utilization pattern of this bacterium also differs
(Egamberdiyeva and Islam 2008).

The cell membrane lipids are also altered with increasing levels of salinity. To
cope with these higher levels of salinity, bacteria adjust the composition of their
membrane lipids either by modifying the types of existing fatty acids or by chang-
ing the pre-existing phospholipids (Zhang and Rock 2009). When salt-tolerant or
moderately halophilic Gram-positive bacteria are grown in the media having high
salt concentrations, among other adaptive responses to salt stress, changes in com-
position of membrane lipids are also common. For example, in case of Planococcus
representative, the number of short-chain fatty acids increased and alteration in the
unsaturation levels of lipid chains were common which were closely related with
salt tolerance of this microbe (Miller 1985).The induction of higher levels of cyclo-
propane fatty acid (AC19:0) and lower levels of oleic acid (C18:1) were observed in
the lipid membrane of L. lactis, under salt stress (Guillot et al. 2000).

To maintain their cytoplasmic osmolarity, rhizobacteria produce various osmo-
protectants such as trehalose, proline, glutamate, and glycine betaine (Bremer and
Kramer 2000). The production of reducing sugars was common among PGPR iso-
lates from the rhizosphere of wheat (Upadhyay et al. 2012). Evidences suggest that
mechanism of osmoregulation of plants is similar in nitrogen-fixing bacteria and
PGPR (Han and Lee 2005). The type and the amount of the osmolytes produced by
rhizobacteria depend on the osmotic stress (Moat et al. 2002). Under hyperosmotic
conditions when the osmolality of the surrounding environment increases, both tur-
gor pressure of microbial cell and microbial growth decrease, the macromolecular
biosynthesis is inhibited, and respiration rates get decreased. The E. coli produces
higher K* ion influx with the concomitant decrease of the intracellular putrescine
content (Moat et al. 2002). The divalent putrescine cation is replaced by the mon-
ovalent K* ion, and thus the cytoplasmic osmolality increases with minimal effect
on the intracellular ionic strength. Osmoregulation is also achieved by glutamate, an
osmolyte whose synthesis depends on the osmotic stress and the uptake of K*.

Many Gram-negative bacteria maintain their osmotic balance by accumulating
oligosaccharides, such as trehalose, amino acids, sugars, and sugar alcohol, which
contain 6—12 glucose residues linked together via f(1-2) and B (1-6) linkages
(EI-Sheikh and Wood 1990). Table 5.2 shows a variety of B vitamins and amino
acids produced by salt-tolerant bacterial strains under salt stress (Egamberdiyeva
and Islam 2008).

The physiological mechanism underlying salt tolerance of Azospirillum is deter-
mined by the duration of salt stress; short-term salt stress can accumulate intracel-
lular concentration of glutamate, whereas the 48-h stress causes an influx of K*
(Rivarola et al. 1998). The accumulation of K* ions (Yelton et al. 1983) and organic
compatible solutes such as amino acids, sugars, and betaines (Le Rudulier et al.
1984) have been reported.
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Putrescine, spermine, spermidine, and cadaverine were observed in the superna-
tants of Azospirillum brasilense strains upon exposure to salt stress (Perrig et al.
2007; Cassan et al. 2009).

Sharan et al. (2007) reported that improved tolerance of Xanthomonas campes-
tris to salinity could be due to accumulation or secretion of xanthan. Llmas et al.
(2006) reported synthesis of an exopolysaccharide, mauran, by the diazotrophic
bacteria Halomonas maura under salt stress conditions.

Growth experiment indicated that betaine and its derivatives could be used as
nitrogen and carbon sources for bacterial growth (Smith et al. 1988; Boncompagni
etal. 1999). However, Bernard et al. (1986) reported that 15 Rhizobium species used
glycine betaine for growth under low osmolarity but this compound did not restore
growth rate of cells under medium of high osmolarity. This was further confirmed
by Brhada et al. (2001) and Rudulier and Bernard (2006) regarding short-term accu-
mulation of glycine betaine in Rhizobium, as an adaptive mechanism to salt stress.

Paul and Nair (2008) demonstrated that osmotolerance of Pseudomonas fluores-
cence MSP-393 was mediated by the synthesis of alanine, glycine, glutamic acid,
serine, threonine, and aspartate in their cytosol and upregulation of salt stress pro-
teins which imparted tolerance to salt stress.

Ecotine is produced by many halophilic (marine) bacteria and, unlike glycine
betaine, does not accumulate intercellular and does not repress the synthesis of
endogenous compatible solutes (Talibart et al. 1994).

Under hyposmotic shock or low osmolality conditions, the increase in turgor
occurred due to influx of water into the cell, resulting in stretching of the cell
envelop and possible cracks in the membrane; this can cause a transient increase in
the permeability resulting in the leakage of solutes including amino acids and nucle-
otides (Moat et al. 2002).

Paul et al. (2005) reported that Pseudomonas pseudoalcaligenes MSP-538 syn-
thesizes Ala, Gly, Glu, Ser, Thr, and Asp as osmolytes in response to salt stress.
Bacillus subtilis produces glycine betaine (Lucht and Bremer 1994) which helps in
lowering the water potential outside the cells.

The osmotic tolerance is also achieved in rhizobacteria with secretion of disac-
charides such as sucrose, maltose, cellobiose, gentiobiose, turanose, and palatinose
(Gouffi et al. 1999). Frankia Emal isolates tolerated salinity by preventing Na*
influx into the cells which was mainly due to their short and thick hyphae (Tani and
Sasakawa 2000).

5.6.3 Selectivity of lon Uptake and Microbial Induced Salt
Tolerance

One of the major effects of salinity is the ionic imbalance created due to Na* and CI~
ions. The bacteria maintain the ion homeostasis but the efficiency and mechanism of
ion sensitivity differ among the bacterial species and the sensitivity of the host plant.
The inoculation with Serratia proteamaculans in soybean decreased the uptake of K*
and Na* ions (Han and Lee 2005) while Azospirillum decreases the Na* uptake but
increases K* and Ca?* in salt-sensitive variety of maize cv. 323 (Hamdia et al. 2004).
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The Na* ion inhibits the uptake and transport of Pi and Ca**; the Pi is required for
ATP synthesis of the plant and Ca** acts as secondary messenger in signal transduc-
tion. Fatima (2007) reported significant increase in Na* accumulation in both the
salt-sensitive and salt-tolerant cultivar of maize. The K*/Na* ratio was found maxi-
mum in the salt-sensitive cultivar. The total ion contents (P+Ca+K) were greater in
co-inoculation treatment under salt stress while the Na* uptake was decreased.
Similar observations were made by Yue et al. (2007) in Klebsiella oxytoca. Similarly,
inoculation with Pseudomonas sp. reduced the toxic ion uptake in wheat with a
subsequent improvement in plant growth (Egamberdieva and Zulfiya 2009). High
K*/Na* ratio is considered an important indicator for salt tolerance of plants (Hamdia
et al. 2004). In these perspectives, Shukla et al. (2012) found that rhizobacteria
Brachybacterium saurashtrense (JG-06), Brevibacterium casei (JG-08), and
Haererohalobacter (JG-11), significantly improved the K*/Na* ratio and contents of
Ca, P, and N in the leaves of Arachis hypogaea under salt stress. The decrease in Na*
uptake resulted in better plant growth under salt stress. The selectivity of K over Na
ions was recorded in several bacterial species, viz., Pseudomonas putida,
Enterobacter cloacae, Serratia ficaria, and Pseudomonas fluorescens, when used as
bioinoculant on wheat (Nadeem et al. 2013); which is mediated via the production
of exo-polysaccharide (EPS) which binds Na*, and thereby the availability of Na* to
plant is decreased (Qurashi and Sabri 2012).

5.7 Antioxidant Production and Salt Tolerance

High concentration of salt normally impairs the cellular electron transport with the
production of reactive oxygen species (Misra and Gupta 2006) which can trigger
phytotoxic reactions and oxidative damage of macromolecules (Elkahoui et al.
2005). A correlation between these enzyme activities and salt tolerance has been
reported (Hernandez et al. 2000; Mittova et al. 2003).

Certain strains of PGPR such as S. proteamaculans and R. leguminosarum, pro-
duce various antioxidant enzymes like SOD, POD, and CAT and non-enzymatic
antioxidants such as ascorbic acid, glutathione, and tocopherol (Maheshwari 2012).
E. coli produces cytoplasmic Mn-SOD (Sod A) and Fe-SOD (Sod B) that protect
DNA and protein from oxidation. Mutants deficient in genes encoding these enzymes
show reduced growth, enzyme inactivation, and DNA damage (Moat et al. 2002).

Han and Lee (2005) reported that inoculation of lettuce with Serratia spp. and
Rhizobium spp. in saline soils ameliorated the inhibitory effects of salinity on anti-
oxidant enzymes, such as ascorbate peroxidase (APX) and glutathione reductase
(GR). Similarly, mechanism of salt tolerance was induced by Piriformospora
indica, a root endophyte of barley. Scavenging of ROS prevents lipid peroxidation
and fatty acid desaturation in leaves of sensitive barley cultivar (Baltruschat et al.
2008). Inoculation of Lactuca sativa L. cv. Tafalla with Pseudomonas mendocina
Palleroni alone and in combination with an AM fungus, Glomus intraradices or
Glomus mosseae, increased the activities of antioxidant enzymes such as peroxi-
dase, catalase, and phosphatase and stimulated growth and mineral nutrient content
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of the plant (Kohler et al. 2009). Favorable effects of Rhizobium and Pseudomonas
spp. co-inoculation on the activities of superoxide dismutase (SOD) and peroxidase
(POD) of maize leaves have been reported by Bano and Fatima (2009). Gururani
et al. (2012) revealed that the Bacillus isolates showed enhanced activity of ACC
deaminase, phosphate solubilization, and siderophore production in potato and also
enhanced mRNA expression levels of various ROS scavenging enzymes, higher
proline production, and increased PSII photochemistry of potato plants.

5.8 Phosphate Solubilization and Salt Tolerance

Soils are usually P-deficient not only because free P concentration even in fertile
soil is generally not higher than 10 pM but also because inorganic phosphate is
precipitated in alkaline soil. Soil salinity significantly reduces plant uptake of min-
eral nutrients, especially phosphorus, because phosphate ions can be precipitated by
Ca* ions (Grattan and Grieve 1999). Microorganisms can increase the P availability
to plant by solubilizing precipitated phosphates (Goldstein 1986; Gyaneshwar et al.
2002). The phosphate compounds solubilized by the PGPR include tricalcium phos-
phate, dicalcium phosphate, hydroxyapatite, and rock phosphate (Rodriguez and
Fraga 1999; Khan et al. 2009). The mechanism of P solubilization involves the
release of chelates and organic acids (Whitelaw 2000; Richardson 2001; Vessey
et al. 2004; Vikram et al. 2007); lowering of pH in the rhizosphere and helping in
dissociation of bound forms of phosphate, release of phosphatase enzymes by plants
and microbes, and proton extrusion during NH,* assimilation and release of CO,
during respiration which is converted to carbonic acid subsequently decreasing pH
which help in solubilization. The phosphate solubilization ability has been docu-
mented for different PGPR genera such as Piriformospora, Bacillus, Rhodococcus,
Arthrobacter, Serratia, Chryseobacterium, Delftia, Gordonia, Phyllobacterium,
Azotobacter, Xanthomonas, Pseudomonas, and Azospirillum (Waller et al. 2005;
Ivanova et al. 2006; Sharan et al. 2007; Rajabzadeh 2009).

Nautiyal et al. (2000) reported solubilization of phosphate in the presence of 10
% NaCl but solubilization activity decreases gradually with the increasing concen-
tration of NaCl; possibly the higher concentration of CI~ ions may chelate or neu-
tralize proton ions or acid produced in the medium.

5.9 Interaction of PSB with Other Microorganisms

Beneficial association between plants and PSB is synergistic in nature because bac-
teria gives phosphate in soluble form, and plants supply carbon compounds which
can be metabolized for bacterial growth (Khan et al. 2007). The PSB together with
other beneficial rhizospheric microbes helps to improve production of crops.
Co-inoculation of Rhizobium with PSB (Perveen et al. 2002) or arbuscular mycor-
rhizal fungi (Zaidi and Khan 2006) performed better than that of single application
of any of the microbes.
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5.10 Microbially Produced Phytohormones and Salt
Tolerance

The PGPR induced salt tolerance involve: a) greater production of the hormone,
abscisic acid (Kolb and Martin 1997; Cohen et al. 2007), b) increased level of jas-
monic acid, ahormone involved in inducing systematic resistance in plants (Forchetti
et al. 2007), ¢) enhancing the activity of ACC deaminase, which catalyzes the deg-
radation of ethylene precursor, 1-aminocyclopropane-1-carboxylic acid (ACC),
d) other bioactive metabolites produced by the PGPR, viz., polyamines, proline,
glutamate, and the volatile organic compound (VOCs), can play significant role in
the plant microbe interaction under stress (Ryu et al. 2004). Plant microbe interac-
tion involves the exchange of signal molecules between plants and microorganisms.
Ribaudo et al. (2006) reported that Azospirillum inoculation involves signaling with
ethylene as a central positive regulator.

Cohen et al. (2007) reported the production of ABA by Azospirillum and
Pseudomonas in culture media and also when these are used as bioinoculant on plants.
Abscisic acid can be synthesized by several spp. of Azospirillum and Rhizobium (in
chemically defined culture media) and, when these bacteria are used as inoculants,
can increase the endogenous level of ABA in plant. Naz et al. (2009) reported that
PGPR isolated from salt range produced higher quantities of ABA in culture media
and also the isolates significantly improved the growth of soybean under salt stress.
Root inoculation of wheat seedling cvs. Bhakkar 2000 and Inqalab 91 with Rhizobium
sp. at 10° cells/ml/plant significantly increased ABA level of inoculated plants.

The production of other phytohormones like IAA, GAs, and cytokinins is wide-
spread among free soil and plant-associated bacteria playing important roles in
plant growth promotion, symbiotic associations, and pathogenesis (Baca and
Elmerich 2003). Rhizobium inoculation can also increase IAA and GA concentra-
tions of the inoculated plant under salt stress (Hadees 2009). Naz and Bano (2010)
isolated rhizobacteria from the roots of halophytic weeds, viz., Lactuca dissecta
D. Don, Solanum surattense Burm. f, and Sonchus arvensis L., collected from
Khewra salt range. The rhizobacterial isolates Pseudomonas stutzeri Khsr3, com-
pared to Pseudomonas mendocina Khsr2 and Pseudomonas putida Khsr4, prolifer-
ated the roots of inoculated wheat. These bacterial spp. also produced phytohormones
TAA, GA, tzr, and ABA, and IAA has been reported (Vacheron et al. 2013) to aug-
ment root growth and facilitate nutrient uptake. Sachdev et al. (2009) and
Egamberdieva (2009) reported IAA production under saline conditions by Klebsiella
strains and Pseudomonas putida (W2) and P. fluorescens (W17) which was posi-
tively correlated with higher root growth. Nabti et al. (2010) further postulated that
IAA produced by A. brasilense isolate NH under salt stress has significant contribu-
tion in the salt tolerance of inoculated wheat plants.

It is quite evident that under salt stress the plant growth-promoting phytohor-
mones get conjugated (in storage form) and very little is available in free active
form; on the contrary, the level of growth-inhibiting hormone particularly ABA
increases many fold, redistribution release from conjugated form and de novo syn-
thesis of ABA occurs under salt stress. The altered ratio of promoter to inhibitor in
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plants under salinity further modulation by PGPR helps to cope with salinity in
much better way (Fig. 5.3).

The salicylic acid (SA) is a phytohormone in regulating plant growth and devel-
opment and plays an active role in inducing systemic resistance in plants. Recently,
SA has been reported to ameliorate adverse effect of abiotic stresses in plants.
Mabood and Smith (2007) demonstrated involvement of SA during early stages of
Rhizobium-legume symbiosis with inhibition of bacterial growth and the production
of nod factor by rhizobia. Naz (2009) reported that the combined application of each
Azospirillum and Pseudomonas with SA was more effective to combat salt stress in
sunflower.

Role of Rhizobacteria in salt tolerance of plants
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Fig.5.3 Schematic representation of mechanism of action of rhizobacteria under salinity stress
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Literature is documented on the bacterial production of enzyme 1-aminocyclopr
opane-1-carboxylate (ACC) deaminase, which can cleave ACC (the immediate pre-
cursor of ethylene in plants) to ammonia and a-ketobutyrate (Fig. 5.4) and thus
ameliorating the adverse effects of ethylene on plants (Glick 2005; Dimkpa et al.
2009). The ACC deaminase structural gene (acdS) has been reported in various
rhizobacterial species like Azospirillum and various strains of Burkholderia (Blaha
et al. 2006).

Enterobacter cloacae UW4 and CAL2 and Pseudomonas putida GR12-2 syn-
thesize the enzyme ACC deaminase for the degradation of ACC, as their nitrogen
source (Grichko and Glick 2001). Nadeem et al. (2007) was able to partially allevi-
ate salt-induced inhibition in root and shoot length and yield of maize by using ACC
deaminase containing rhizobacteria Pseudomonas syringae, S14 Enterobacter
aerogenes, and S20 Pseudomonas fluorescens. Bal et al. (2013) have reported that
inoculation with ACC deaminase producing rhizobacteria significantly decreased
the ethylene production and improved the growth of rice under saline conditions.

Cell elongation
and
proliferation

IAA————1—"—"""—""+ |AA

AdoMet
Jl ACC Synthase
ACC ¢ ————— ACC
ﬂ ACC-Oxidase ACC deaminase
Ethylene Amonia + a-KB

Bacterium

Root elongation

Plant seed or root

Fig. 5.4 Schematic representation of how PGPR, bound to either a seed or plant root, lowers the
ethylene concentration and thereby prevents ethylene inhibition of root elongation (Adapted from
Glick et al. 1998). The ACC deaminase of the bacterium causes a reduction in the ethylene levels
in plants by degrading ACC to ammonia and o-ketobutyrate
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5.11 Role of AMF in Plants Under Salinity Stress

Arbuscular mycorrhizal fungi have some special properties which make them useful
to the host plant under various types of stresses. AM fungi colonize the plant roots
resulting in the formation of structures known as arbuscules and vesicles which can
significantly improve the ability of the root to absorb nutrients and water (Rillig and
Mummey 2006). AM fungi can increase plant growth under salt stress, especially in
soils having low P (Mohammad et al. 2003), and are able to increase tolerance in
plants under salt stress by changing physiology of plant and increasing uptake of
water and nutrients (Giri and Mukerji 2004; Miransari et al. 2008; Daei et al. 2009;
Miransari 2011). Mycorrhizal inoculation reduces absorption of Na* and CI~ and
inhibit their transport toward the shoots (Scheloske et al. 2004) resulting in an increase
in dry weight of cotton by 68 % under the salinity of 3 g/kg (Tian et al. 2004).

Arbuscular mycorrhiza symbiosis which is a natural association between the
roots of higher plants and arbuscular mycorrhizal fungi (AMF) are known to
improve water relations, host plant growth, and acquisition of nutrients especially P
from soil (Maronek et al. 1981). Arbuscular mycorrhizal (AM) fungi can contribute
to growth of plant under stress (Deressa and Schenk 2008). Fungi form symbiotic
association with many species of plant (Smith and Read 2008) which ends up in the
translocation of carbon and nutrients from the plant to the fungi and vice versa
(Deressa and Schenk 2008). Mycorrhizal association mainly shows its effects on
stomatal regulation rather than on resistance of root (Levy and Krikun 1980). In
higher plants, metabolism of ROS such as hydrogen peroxide, superoxide, and
hydroxyl radicals is in dynamic balance under normal conditions. Introduction of
antioxidant enzymes in lettuce increases the efficiency of a PGPR more than sole
use of arbuscular mycorrhizal (AM) fungi with respect to improve tolerance to high
salt stress (Kohler et al. 2009). Evelin et al. (2009) studied the role of arbuscular
mycorrhizal fungi in salt tolerance of plants. They reviewed biochemical changes
such as accumulation of carbohydrates, amino acid proline, antioxidants, poly-
amines, and nutrient acquisition (Ca, P, Mg, N) and maintenance of the K*: Na*
ratio. They also investigated physiological changes (photosynthetic efficiency,
membrane permeability, accumulation of ABA, and process of nitrogen fixation),
molecular changes (the expression of genes: PIP, Na*/H* antiporters, Lsnced, Lslea,
and LsP5CS) and ultrastructural changes.

5.12 Future Perspective

The strategy adopted for improving plant productivity through the use of naturally
occurring beneficial microbes should include selection of good-quality inoculants,
awareness among the end user — the farmers — about inoculation technology, the
persistence of inocula in the soil, the effective inoculant delivery systems, and for-
mulation of the policy to exploit biofertilizers successfully.
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Challenges Faced in Field Application
of Phosphate-Solubilizing Bacteria
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Abstract

The general inaccessibility of soil phosphorous (P) to plants in combination with
the depletion of global P reserves provides an incentive for researchers to find
sustainable solutions to sustain food security for the ever-increasing world popu-
lation. Bio-fertilizers based on bacteria and fungi able to solubilize endogenous
P in soils have a high potential for increasing nutrient availability in agriculture.
However, the inconsistency of bio-fertilizer performance in the field poses a
major challenge for farmers. This discrepancy is thought to stem from the com-
plexity of the interactions between crop plants, microbes, and their soil environ-
ments, as well as our lack of understanding of the processes involved. For
farmers, a clear beneficial effect across different soil types, crop species, envi-
ronmental conditions, and microbial communities will be required to make it
worth to adopt bio-fertilizer technology based on phosphate-solubilizing
microbes (PSMs). Here, we attempt to review the current knowledge of the com-
plexity of the P-solubilization mechanisms used by PSMs and how they may be
affected by interactions in the field. We also identify possible explanations for
the inconsistent performance of P-solubilizing bacteria in the field and ways to
solve these obstacles.
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6.1 Introduction

Phosphorus (P) is an essential macronutrient that plays a pivotal role in all living
organisms. It is a fundamental component of nucleic acids (RNA and DNA), pro-
teins, phospholipids, metabolites, and many of cofactors such as ATP and
NADP. Hence, it is central to major energy-dependent metabolic and regulating
processes (e.g., photosynthesis, respiration, and protein phosphorylation), and its
deficiency significantly affects plant growth, development, reproduction, and the
formation of seeds and fruits (Duca 2015). P is the 11th-most abundant element in
the Earth’s lithosphere. Yet, it is the second most-important element when it comes
to limiting crop plant productivity owing to its general inaccessibility to plants in
the forms it is present in soil (Vitousek and Howarth 1991). The low biological
availability of P due to biological and chemical immobilization, runoff, and leach-
ing poses a limitation for crop plant growth and development.

P fertilizers such as phosphate rock (PR) or its mined derivatives are used to miti-
gate P unavailability. Large-scale production and application of P fertilizers may
seem to be a solution to maintaining global food supplies in the light of a growing
human population. However, these practices have a high potential to cause detrimen-
tal agronomic, environmental, geopolitical, and socioeconomic impacts in the future.
Depletion of P reserves is emerging as a serious challenge for global food security
(Cordell and White 2015). Assessments of global P reserves, production rates, and
global supply and demand, indicate that the reserves may be depleted in 50-100
years and that peak P production, considering current P extraction technologies, may
occur well within the coming 100 years (Van Vuuren et al. 2010). Therefore, global
P depletion may lead to increased extraction and production costs of P raw materials,
rises in fertilizer and food prices, and ultimately economic instability and famine.

In contrast to P fertilizers applied exogenously, endogenous P resources present
in soils may very well last up to several centuries, if they could be rendered acces-
sible by sustainable approaches. Development of soil management practices, plant
genetic engineering strategies, and bio-fertilizer systems to enhance P solubiliza-
tion, mobilization, assimilation, and utilization are being promoted for sustainable
agricultural practices (Tian et al. 2012; Nesme et al. 2014). P-solubilizing microbes
(PSMs) are emerging as key factors for P dynamics in soils and are widely consid-
ered as a potentially cost-effective, sustainable, and environmentally benign
approach to overcome P limitations in soil (Sharma et al. 2013). However, plant
growth responses and P-solubilizing effects observed in field trials involving PSMs
often do not reflect those observed under controlled laboratory or greenhouse condi-
tions (Weller and Thomashow 1994; Yarzdbal 2010; Jones and Oburger 2011). This
applies in particular to P-solubilizing bacteria. These inconsistent plant responses
are a result of the complex interactions with the soil and their complex microbial
structures. Understanding the different forms of P in soil and how microbes solubi-
lize inaccessible P, is essential for improved selection of bio-fertilizer, P-solubilizing
bacteria (PSB), that function successfully under field conditions. Furthermore, sym-
biotic associations with other beneficial microbes such as fungi may improve the
performance of the PSB.



6 Challenges Faced in Field Application of Phosphate-Solubilizing Bacteria 127

6.2 Forms of P in Soils and P-Solubilization Mechanisms
Used by PSMs

P in soil can exist as inorganic phosphate (P;) and phosphate bound to organic mat-
ter (P,). Primary mineral forms of P; such as apatite, berlinite, strengite, and var-
iscite that are very stable, are converted to soil solution P via weathering (Fig. 6.1)
(Osman 2012). Plant accessible soluble orthophosphates H,PO,~ and HPO,?-, how-
ever, are found only at very low concentration (<10 pM) in most soil solutions
(Bieleski 1973). They are fixed into insoluble P forms through various mechanisms
that are predominantly influenced by soil pH: (1) reacting rapidly with cations, such
as calcium (Ca?*) in alkaline, calcareous soils, and aluminum (Al**) or iron (Fe**) in
acidic soils, to form precipitates; (2) adsorption to surfaces of clay or aluminum and
iron (hydr) oxides particles; and (3) complexing or immobilization with organic
molecules to form P,, which can account for 30—-65% of total soil P in mineral soils
and up to 90% in organic soils (Fig. 6.1) (Schachtman et al. 1998). The majority of
P, is found as inositol phosphates, but phosphate esters (e.g., phospholipids, humic
acid, or nucleic acids) are present as well (Turner et al. 2002). PSB and phosphate-
solubilizing fungi (PSF) play a fundamental role in the cycling of P in soil directly
by (1) altering soil sorption and precipitation equilibria for the release of free P into
soil solution (solubilization) and (2) facilitating the mobilization of poorly available
organic P (mineralization) and indirectly by (3) inducing biochemical, molecular,
and physiological changes in plants, which in turn lead to alteration of the P avail-
ability in soil (Khan et al. 2014) (Fig. 6.1).

Solubilization of P; (e.g., Ca, Al, and Fe phosphates) by PSMs is commonly associ-
ated with the production of low molecular mass organic acids (OAs), such as gluconic
acid, and proton (H") release resulting in acidification of the microbial cells and their
surroundings. OAs chelating metal cations can efficiently compete with P; for sorption
sites, thus releasing soluble P; from minerals (Goldstein 1994; Filius et al. 1997).
PSMs have been shown to release a variety of OAs, including acetic, oxaloacetic,
citric, oxalic, lactic, succinic, gluconic, glutamic, 2-ketogluconic, 2-ketoglutamic, for-
mic, tartaric, malic, malonic, and glycolic acid (Rashid et al. 2004; Vyas and Gulati
2009; Mardad et al. 2013). Various bacterial (e.g., Pseudomonas, Bacillus,
Burkholderia, Rhizobium) and fungal (e.g., Aspergillus, Penicillium) genera, have
been shown to possess P-solubilizing abilities (Khan et al. 2010, 2013).

Solubilization of P,, also called mineralization, by bacteria and fungal genera is
mediated by intracellular, membrane-bound, or extracellular-free phosphatases
which catalyze the hydrolysis of esters and anhydrides of phosphoric acid (Eivazi
and Tabatabai 1977; Nannipieri et al. 2011). PSMs can secrete both, acid and alka-
line phosphatases, depending on pH conditions in the surrounding soil (Eivazi and
Tabatabai 1977; Kim et al. 1998). Phytases release P from phytate, a compound for
P storage in plants, which can also be found in considerable amounts in soil (Lim
et al. 2007; Maougal et al. 2014). Other P-solubilization strategies include the
release of microbial compounds such as exopolysaccharides or siderophores able to
chelate metal ions in soil and, thus, can influence P soil availability (Crowley and
Kraemer 2007; Yi et al. 2008). Bacteria, however, are also able to immobilize P; by
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converting it into organic forms and incorporating it into microbial biomass. This
may occur through high-affinity P transporters as shown for Escherichia coli, which
are activated during internal P depletion (Medveczky and Rosenberg 1971). The
incorporated P; may then be released into the soil through re-mineralization pro-
cesses, or microbial turnover or decomposition, in response to environmental
change, starvation, or predation (Grierson et al. 1998; Oberson et al. 2005).

P-solubilization and P-mineralization efficiencies vary among bacterial or fungal
species and are affected by soil physicochemical properties and particular com-
pounds such as energy sources. For example, pH, carbon (C), and nitrogen (N)
sources in the medium modulated the efficiency of P solubilization by Penicillium
purpurogenum via the alteration of OA production, with the highest P-solubilization
activity corresponding to highest OA production under high C and low N source
availability (Scervino et al. 2011). Complex carbohydrate sources in otherwise
nutrient-deficient soils were shown to positively influence the exudation of OAs
from two fungal strains, the zygomycete fungus Mucor hiemalis and the ascomy-
cete fungus Penicillium chrysogenum (Brunner et al. 2014). P solubilization by
Pseudomonas fluorescence RAF15 was also significantly promoted when glucose
was available as a C source in comparison to fructose as C source (Park et al. 2009).
The available organic energy sources, e.g., glucose or starch vs. phytic acid or
glycerol-2-phosphate, were also shown to affect the activity of acid and alkaline
phosphatases in the PSB Enterobacter agglomerans (Kim et al. 1998). Soil pH can
affect the surface charge of phosphatases and thus their adsorption to soil particles.
For example, at high pH, the adsorption of two extracellular acidic phosphatases of
the ectomycorrhizal fungus Hebeloma cylindrosporum to montmorillonite clay was
lower than at low pH (Leprince and Quiquampoix 1996). Temperature and pH also
play crucial roles in influencing the activity of phytases as shown for three com-
mercial microbial phytases from Aspergillus oryzae, A. niger, and Saccharomyces
cerevisiae (Naves et al. 2012). The quality and concentration of OAs and the activity
of phosphatases and phytases are, thus, determinants of the P-solubilization and
P-mineralization efficiency, respectively, and are greatly influenced by soil pH, C
and N sources, and temperature.

The presence of different P forms in soil, diverse P-solubilization mechanisms of
bacteria, fungi, and the influence of the physicochemical properties of the soil and
nutritional composition are critical factors to assess when screening and selecting
PSB for field applications. A high proportion of the publications reporting the isola-
tion and identification of PSB, however, is solely based on in vitro studies applying
unsuitable screening procedure and selection criteria. The most common method to
screen for potential PSB is based on defined selective media, most often Pikovskaya
(PVK) or a version modified according to India’s National Botanical Research
Institute (NBRIP) (Pikovskaya 1948; Nautiyal 1999). These media assess the ability
of PSB to solubilize solely tricalcium phosphate (TCP; Ca;(PO,),) as an insoluble
P compound using a standard concentration of C and N sources and a pH around 7.
Other metal-P compounds commonly found in nature are rarely employed for this
type of assessment. The bias introduced by relying solely on TCP is discussed thor-
oughly by Bashan et al. (2013), with the authors proposing the use of a combination
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of different metal-P substrates for the selection procedure depending on the pH and
composition of the soil in which the bacteria are going to be applied.

The inconsistent behavior of PSB in field conditions compared with in vitro tests
might in large parts be due to such biased testing, as soil properties in fields encom-
pass a broad range of P sources and soil properties that are not examined in vitro. In
order to obtain more consistency in the performance of PSB and increase the suc-
cess of field trials, we propose that the screening and selection of PSB prior to
inoculation requirement (1) implement a thorough assessment of soil properties of
the field, (2) employ several metal-P compounds as a source of inaccessible P;, and
(3) in addition assess the ability of PSB to mineralize P, by analysis of the activity
of the relevant enzymes prior to inoculation. Zarei et al. (2006) performed a co-
inoculation study of arbuscular mycorrhizal fungi (AMF) of the Glomus genus, G.
mosseae and G. intraradices, with Rhizobium leguminosarum bv. viciae and
Mesorhizobium cicero which are strains of rhizobial bacteria possessing
P-solubilizing activity. The study was conducted on lentil (Lens culinaris) using two
different P fertilizer sources, superphosphate and PR, in a greenhouse. Both P
fertilizers enhanced the plant growth and P and N uptake compared to the unfertil-
ized control, while they decreased AMF colonization of lentil roots. Nevertheless,
the superphosphate performed better than the PR in all parameters except the root
colonization of the AMF, leading to lower infection compared with the PR. These
results clearly indicate that the different P sources used will have a significant effect
on the overall enhancement of plant growth. It also demonstrates that co-inoculation
with other microbial partners (e.g., AMF) may influence the P-solubilization mech-
anisms. The effects of other microbes on the enzyme activity and concentration of
OAs are demonstrated in a study by Kim et al. (1997) that showed alkaline phospha-
tase activity, and concentration of oxalic, gluconic, and citric acids is highest when
the PSB E. agglomerans was co-inoculated with an AMF G. etunicatum. In another
study, dual inoculation of the PSB Pseudomonas alcaligenes and the AMF
Rhizophagus irregularis showed the highest acid phosphatase activity, enhanced
mineralization of phytate, and led to the lowest residual phytate-P concentration in
soil, compared to single inoculation (Zhang et al. 2014a). Therefore, contributions
from crop plants and associated fungi may also play critical roles in P dynamics and
thus must not be ignored when assessing PSB performance in the field.

6.3 Rhizosphere Interactions Involving Plants, Bacteria,
and Fungi

Plants have evolved efficient biochemical, molecular, and physiological mecha-
nisms to respond and adapt to P-deficiency stress that has been the subject of recent
reviews (Liang et al. 2014; Zhang et al. 2014b). One strategy, which resembles the
mechanism used by PSM, is the secretion of organic acids from the roots to the soil
to solubilize P as seen in alfalfa (Medicago sativa), maize (Zea mays), and white
lupin (Lupinus albus) (Lipton et al. 1987; Johnson et al. 1994; Carvalhais et al.
2011). The plant root system is the main site for the secretion of organic
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compounds, signaling molecules, and, thus, is a “hotspot” for microbial activity,
colonization, and symbiotic associations. The continuous production and secretion
into the rhizosphere of a wide range of compounds and nutrients, known in sum-
mary as root exudates, play a significant role in shaping of soil structure and micro-
bial communities (Fig. 6.1). Root exudates are the primary source of organic C and
energy for microorganisms and can add up to a substantial C cost to the plant
(Nguyen 2003; Uren 2007).

The provision of carbohydrates via root exudates enables plants to recruit benefi-
cial microbial partners and to establish symbiotic interactions with them. Specific
compounds in the root exudates have been identified and shown to be involved in
recruitment and establishment of associations with microbes, including flavonoids,
isoflavonoids, malic acid, and strigolactones (Steinkellner et al. 2007; Yoneyama
et al. 2007; Rudrappa et al. 2008). Most legumes have the ability to form root nod-
ules that accommodate symbiotic nitrogen-fixing bacteria, collectively named rhi-
zobia. The rhizobia fix atmospheric N, and converted into ammonia (NH;) that the
plant can use to fulfill its nitrogen requirement; in return plants provide the rhizobia
with necessary carbon source. Root-exuded flavonoids act as signal components,
chemoattractants, and inducers of essential genes for establishing a successful
plant-rhizobia dialogue (Peters et al. 1986; Downie 2014). Depending on the physi-
cochemical properties of the soil, crop species, and genotype, the plant develop-
mental stage and the microbial community in the rhizosphere, the composition, and
the quantity of root exudates can vary greatly (Neumann and Romheld 2007; Uren
2007; Badri and Vivanco 2009). In turn, the quantity and composition of the root
exudates strongly influence the microbial community in a species-dependent man-
ner (Kamilova et al. 2006). However, the plant genotype has proven to be the most
critical factor in shaping the rhizosphere microbiome (Marques et al. 2014).

Beneficial rhizosphere microbes are essential partners of plants for survival and
development of stress tolerance under harsh conditions (de Zelicourt et al. 2013).
Symbiotic rhizosphere microbes have become of great interest for their use in agri-
culture as bio-fertilizers, such as mycorrhizal fungi and rhizobia for nutrient acqui-
sition and N,-fixation (Hodge et al. 2010; Geurts et al. 2012). Plant growth-promoting
bacteria (PGPB) or plant growth-promoting fungi (PGPF) can stimulate plant
growth and/or enhance the resistance and confer tolerance to biotic and abiotic
stresses, including increasing nutrient availability (Fig. 6.1) (Van Wees et al. 2008;
Lugtenberg and Kamilova 2009; Yang et al. 2009). Plant-microbe interactions and
the mechanisms of plant growth-promoting activities and stress tolerance abilities
are well documented (Adesemoye and Kloepper 2009; Bonfante and Genre 2010;
Glick 2015).

It is conceivable that PGPB can act by assisting in plant nutrient acquisition and
increasing the availability of P to plants through mechanisms other than solubiliza-
tion of P, for example, via an adjustment of root system architecture (RSA). 3D
adjustment and modulation of the RSA in order to forage and mine for limiting P;
are well documented (Lambers et al. 2006; Péret et al. 2014). The various strategies
of modifying root traits, such as (1) primary/principal root length, (2) lateral root
angle, density and length, and (3) root hair density and length, enable the plant to
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increase the surface area for the absorption of nutrients. Typically, PGPB enhances
the shoot growth by increasing lateral root formation, root hair density, and length,
and inhibiting primary root growth (Verbon and Liberman 2016). These effects
often occur via modulation of the hormonal balance of the host plant (e.g., auxin
and cytokinin) by either producing the hormones themselves (e.g., IAA; indole-3-
acetic acid) or indirectly affecting the hormonal pathway (e.g., ACC deaminase
which degrades the ethylene precursor ACC, thereby lowering ethylene levels)
(Sukumar et al. 2013; Vacheron et al. 2013; Glick 2014). The modulation of RSA
can also occur via production of volatile organic compounds (VOCs) which do not
require physical contact between the bacteria and plant (Gutiérrez-Luna et al. 2010).
The phytohormonal biosynthesis, metabolism, regulation, physiological role, and
agronomical impact of phytohormones produced by the PGPB model system of the
genus Azospirillum are reviewed in detail by Gutiérrez-Luna et al. (2010). Several
PGP abilities/activities may be possessed by one bacterial species. For example,
Bacillus thuringiensis and Pseudomonas aeruginosa were shown to possess
P-solubilizing activity in addition to the ability to produce IAA in the presence of
L-tryptophan (Shahab et al. 2009).

Most of the PGPF constitute arbuscular mycorrhizal fungi (AMF) which are
found to interact with approximately 80% of terrestrial plant species in nature and
are also able to assist plants in acquiring nutrients, such as P, from the soil. The
acquisition of P occurs via two pathways: (1) direct uptake of P; from the rhizo-
sphere by plant P; transporters in the epidermis and root hairs and (2) indirect uptake
via the AM pathway by which P is taken up by the fungal P; transporters in the
hyphae, translocated to fungal structures, and transferred to the plant at intracellular
interfaces (Smith et al. 2011). AMF can influence the direct uptake of P, in plants via
alterations in the expression of P; transporters, and these effects are crop species
dependent. For example, the expression levels of alfalfa (M. truncatula) P; trans-
porter MtPT1 increased in the roots under P starvation but decreased after coloniza-
tion of AMF G. versiforme and G. intraradices (Chiou et al. 2001). However, the
expression levels of rice (Oryza sativa) P; transporter OsPT11 was upregulated
when colonized by G. intraradices resulting in the highest P concentration in plant
tissue (Glassop et al. 2007; Chen et al. 2013). Plants can also indirectly take up P;
via associations with AMF. After root colonization, AMF develop an external myce-
lium made up of hyphae that extend the rooting zone of plants, exploiting large soil
volumes, and allowing them to access more P;. The fungi form symbiotic interfaces
with the plant via arbuscules which are hypothesized to be the main site of transfer
of C and lipids from the host root to the fungi and P in the opposite direction (Bago
et al. 2003; Smith et al. 2010). Variations in the ability of different AMF to interact
and colonize, as well as their development in root systems of the same species exist
(Gao et al. 2001).

PGPB or AMF indigenous to the soil, in which the PSB inoculant is to be used,
may possess PGP activities that give them a competitive advantage over the inocu-
lant. The inoculation of the endophytic fungus Piriformospora indica resulted in an
increased population of the PSB Pseudomonas striata at 20 days after sowing to
flowering, followed by a decline in the bacterial population at crop maturity of
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chickpea (Meena et al. 2010). The authors suggested that this might be due to repro-
gramming of root exudates of the host plant with the advancement of growth stages
under the colonization of the endophytic fungus. Moreover, the microbes may be
responding differently to the root exudate composition. Thus, indigenous beneficial
microbes may also respond better to signals of plant root exudates and establish a
niche quicker than the inoculant, leading to the decreased fitness of the later.
Therefore, we suggest screening for the various PGP activities (e.g., P solubiliza-
tion, siderophore production, N, fixation, hormone production) and selecting the
fittest and most beneficial bacteria to ensure survival and persistence of the inocu-
lant in the rhizosphere.

PSB and AMF may very well compete for the resources in the rhizosphere, but
they may also interact with each other forming symbiotic associations where their
survival depends on their synergistic effect. Interactions between AM fungi and
bacteria may be mutually beneficial for their development and survival (de Boer
et al. 2005). AMF can form various interactions with bacteria including N,-fixing
bacteria, phytostimulators (e.g., Azospirillum), and PSB (Barea et al. 2005). It has
been already noted that some rhizobacteria, called mycorrhiza helper bacteria
(MHB), can help in the establishment and functioning of mycorrhiza (e.g., root
colonization) (Duponnois and Garbaye 1991). Some of the MHB have been shown
to stimulate fungal growth, development, and gene expression (Deveau et al. 2007).
Different types of interactions between plants, mycorrhizal fungi, and bacteria were
reviewed in detail by Bonfante and Anca (2009). As the interactions between bacte-
ria and fungi may be symbiotic and beneficial, co-inoculation of these microbes for
crops under P limitations may improve their efficiency in field trials.

6.4  Co-inoculation of Bacteria and Fungi Under P
Limitations

Co-inoculation studies of PSB and AMF have received great interest since the pio-
neering work of Azcén et al. (1976), due to their synergistic interactions that result
in the enhancement of plant P nutrition. Examples of synergistic interactions
between bacteria and AMF have been discussed in several reviews (Artursson et al.
2006; Sharma et al. 2013). Co-inoculation of bacteria and fungi have shown a sig-
nificant selectivity in the enhancement of plant growth, nutrient uptake, mycorrhizal
root infection, and microbial biomass, where particular combinations of fungi and
bacteria produce a positive effect, while other combinations do not, for example,
single or dual inoculation of bacteria with AMF G. fasciculatum increased N, P, and
K content and enhanced the growth of tomato plants (Azcon 1989). In this study,
there was a selective interaction between the AMF and bacteria. One bacterial spe-
cies was ineffective in increasing growth of tomato when co-inoculated with G.
mosseae. In another study, the single inoculation of a PGP rhizobacteria or dual
inoculation with Rhizobium species increased the percentage of mycorrhizal root
infection of a mycotrophic legume by G. intraradices, while dual inoculation of two
bacterial species negatively affected the colonization by G. coronatum (Requena
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etal. 1997). Furthermore, inoculation of G. intraradices and A. niger, a PSF, resulted
in the highest increase of microbial biomass which was positively correlated with
shoot biomass of lettuce (Kohler et al. 2007). However, the highest increase in shoot
dry weight was observed when G. intraradices was combined with the PGPB,
Bacillus subtilis.

Selectivity can be observed in several studies involving PSB and AMF under P
limitations. Responses of lentil to the dual inoculation of AMF and rhizobial strains
depended on the compatibility of the two partners, where the strain with
P-solubilizing ability enhanced plant growth more than the rhizobial strain without
this activity (Zarei et al. 2006). The PSB strain may have a negative or no effect
unless co-inoculated with another partner. The single inoculation of PSB P. striata
exhibited a negative effect on plant growth and yield of chickpea, but dual inocula-
tion with AMF P. indica showed an increase of plant dry biomass and grain yield
(Meena et al. 2010). Different AMF partners may function differently either as
single inoculants or with PSB partners. For example, the single inoculation of G.
intraradices or G. mosseae performed better than dual inoculation of a local G.
mosseae with P. striata (Suri et al. 2011) on maize. G. intraradices showed better
crop yield and grain quality than two other AMF cultures, but the highest grain and
stover yield and root weight was obtained when G. mosseae was co-inoculated with
P. striata.

Further selectivity has been demonstrated when four different microbes were
tested: AMF G. fasciculatum, PSF A. awamori, N,-fixing bacteria (NFB)
Bradyrhizobium sp., and PSB B. subtilis on mung bean (Vigna radiata) under P
limitations (Zaidi and Khan 2006). This study revealed compatibility of some bacte-
rial strains with each other or with fungi in improving plant growth and other growth
parameters. For example, dual inoculation of PSF with the other inoculants nega-
tively impacted plant growth, while all other dual combinations resulted in enhance-
ment. However, triple inoculation of the PSF, PSB, and AMF significantly enhanced
the growth of the mung bean. The triple inoculation of the AMF, NFB, and PSB
showed the highest increase in dry matter yield, chlorophyll content, and N and P
uptake. Typically, co-inoculation of PSB and AMF under P limitation has shown
positive effects on the plant growth of several crop species (Table 6.1).

Competitive and cooperative behavior discussed earlier exists between PSB and
AMF under P limitations. A study demonstrated that the dual inoculation of the
PSB Enterobacter sp. with the AMF G. mosseae led to the highest increase of
alfalfa (M. sativa) shoot dry weight and shoot P content. It was suggested that the
Enterobacter release P ions from PR into the soil from which the G. mosseae trans-
locate it to the plant using isotopically labeled P (Barea et al. 2007). Another study
investigated the effects of an AMF R. irregularis with a PSB P. alcaligenes on
phytate mineralization and subsequent transfer to alfalfa plants (Zhang et al.
2014a). It was observed that P mobilized from phytate was not absorbed by the
AMEF or the plant but instead was converted into microbial biomass by the PSB,
indicating that competition exists between the two microbes in soil with low avail-
able P. A recent study by the same author suggested that an AMF and a free-living
PSB cooperated with each other in providing a key source to each other, where P
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status plays an important role in this interaction (Zhang et al. 2016). It demon-
strated that the AMF Rhizophagus intraradices release C compounds into the
hydrosphere for the PSB Rahnella aquatilis to utilize and increase their growth and
activity. In return, the PSB phosphatases result in organic-P hydrolysis (mineral-
ization), increasing inorganic-P availability for the AMF to acquire and enhance
their hyphal growth. However, when soil available P was low, the PSB competed
with the AMF for P, and its activity was not increased, demonstrating again a com-
petition between PSB and AMF.

The effects of PSB and AMF on each other are further demonstrated regarding
mycorrhizal root colonization, where fertilization also plays a role. Generally, PSB
inoculation tends to increase the percentage of root mycorrhizal colonization of
tomato, maize, and wheat (Zarei et al. 2006; Suri et al. 2011; Saxena and Jha 2014).
In some cases, the inoculation had no effect on the root infection of tomato (Kim
et al. 1997). In other cases, fertilizer application decreased the root colonization of
maize and lentil (Wu et al. 2005; Zarei et al. 2006). On the other hand, the AMF had
an effect on the PSB population, where the PSB population significantly increased
with AMF inoculation of tomato and wheat crops (Suri et al. 2011; Saxena and Jha
2014).

Regarding the nutrient uptake, co-inoculation methods exhibited variability for
the different species. Inoculation of AMF G. etunicatum or PSB E. agglomerans
showed increased uptake of N and P but did not show any difference between single
or dual inoculation (Kim et al. 1997). Using a combination of PSB, KSB, and NFB
co-inoculated with the AMF G. intraradices showed higher P and K assimilation by
maize than with the AMF G. mosseae (Wu et al. 2005). In another study, dual inocu-
lation of a PSF Aspergillus awamori and PSB B. subtilis exhibited higher increases
in P contents at 45 and 60 days after sowing of mung bean compared to other com-
binations including NFB and AMF. However, triple inoculation of the PSF, PSB,
and the AMF G. fasciculatum showed the highest increase of P in mung bean (Zaidi
and Khan 2006). G. intraradices showed superiority over G. mosseae in nutrient
uptake when co-inoculated with PSB, but co-inoculation with G. mosseae showed
better P solubilization (Zarei et al. 2006; Suri et al. 2011).

6.5 Conclusions and Recommendations

P is a vital nutrient in agriculture for sustaining high productivity of crops to feed
the ever-growing human population. PSB have a great potential in alleviating the
damaging effects of P starvation in plants as a result of P unavailability. However,
the development of robust PSB bio-fertilizer technology for broad use in agriculture
is hindered by the complexity of interactions with the soil and biota and the inap-
propriate screening, selection, and inoculation processes. We recommend consider-
ing several points when developing PSB for application in field conditions. Firstly,
the screening of PSB must assess their ability to solubilize and mineralize P sources
that resemble P sources in the soil of interest. Accordingly, selection should rely not
solely on TCP but needs to include other metal-P and also organic-P compounds.
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Secondly, these assays must be performed under varying conditions of pH, tempera-
ture, and C and N sources in order to resemble diverse field conditions. Depending
on the soil context of the field, PSB may function differently. Therefore, assessing
soil properties and available P sources in the relevant area will greatly facilitate the
selection of a compatible PSB. Due to a competition of biota in the rhizosphere,
selection of the plant-beneficial PSB fittest under the given conditions will greatly
increase its chances of persistence in soil and its ability to develop and remain in the
niche. Soil microbes can exert beneficial effects on plants independent from P solu-
bilization. Thus, we recommend selection for PSB with further plant growth-
promoting activities. As revealed by co-inoculation studies, cooperative behavior
also exists between bacteria and fungi. Typically, the co-inoculation of AMF has
shown to enhance the P-solubilization efficiencies of PSB and increase plant growth
of several crops (Table 6.1). We suggest using dual or triple inoculation of PSB with
other beneficial microbes to enhance the likelihood of success in the field. However,
the compatibility between the PSB and the selectivity of the crop plant must be
assessed prior to inoculation. Ideally, each inoculant should possess a plant growth-
promoting ability with the potential to act synergistically.
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Abstract

Corn (maize) hosts a huge array of microbial communities in its root zone
(rhizosphere) as well as inside the plant, as endophytes. It is assumed that the
most intimate interactions impacting both the host and the microbes occur
inside the plant tissues. The microorganism communities associated with corn
are now well characterized, and many of their biological functions that impact
the plant have been identified, as have factors that modulate the induction and
extent of the plants’ responses. This review focuses on the impacts that endo-
phytic bacteria have on corn plants and how they may be utilized to maximize
crop health and yield. The source of corn endophytes, how they develop and
establish inside the plant tissues and seeds, and the biological functions they
possess that impact plant growth are discussed. We focus on key functions such
as nitrogen fixation by diazotrophic microbes, plant growth promotion via syn-
thesis of hormones, and production of antibiotics that protect plants against
both pests and diseases. The influences of transgenes on the corn microbial
communities are identified as well as how soil characteristics, agronomic prac-
tices, and environmental factors impact the relationship of the corn-microbe
interactions. Recent advances in the use of remote sensing technology in corn
microbial research are introduced and discussed as to how it can be used to
better identify the role of microorganism in crop health and productivity.
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7.1 Introduction

Corn (Zea mays) is one of the major cereal crops, worldwide. It is an essential crop
to improve if we have to overcome the increasing food demands globally for live-
stock and biofuel production (Montafiez et al. 2012). Many studies have docu-
mented the ability of the corn plant to be able to establish a beneficial relationship
with a variety of microbial flora. It is important to identify these microorganisms so
that we can explore how they can be used to get higher corn productivity. Corn
plants can actively interact with the microbiota that is present inside as endophytes
or on/in the root as rhizosphere flora. This chapter deals mainly with the endo-
phytes; however, some insights about the rhizospheric microbes are also provided as
these all could be potentially utilized as biofertilizers or biocontrol agents.

Endophytes are microbes that can colonize the internal plant tissues without
causing any obvious damage or disease symptoms. These microorganisms have
many direct impacts on plant growth and health. Due to their location, it is surmised
that they interact with their host more effectively than their rhizospheric counter-
parts (Reiter and Sessitsch 2006; Johnston-Monje and Raizada 2011b; Rashid et al.
2012). Endophytes residing within seed are readily transferred throughout the plant
via vascular connections resulting in subsequent colonization of embryos and endo-
sperm (Malfanova et al. 2013). While microbiological studies for most part have
focused on the role, microorganisms play as plant or animal pathogens, or for their
use in industrial production, currently, the focus is on their role in ecosystem health.
The effort on the role bacteria play in the human ecosystem called “the human
microbiome” has provided an impetus to study similar roles of bacteria in plants.
With the major reductions in the cost and speed of sequencing, we can for the first
time examine whole communities and their functions.

7.2  Fungal Endophytes

A group of 63 fungal endophytes were isolated from corn var. Pulut (waxy corn) roots;
they belong to six major genera, namely, Trichoderma, Fusarium, Aspergillus,
Penicillium, Acremonium, and Botryodiplodia (Amin 2013). The population of fungal
endophytes in corn is mediate in a major way by the production of defense compounds
within the host plants. Fungi, however, have a tendency to evolve fairly rapid tolerance
to host defense compounds. Saunders and Kohn (2009) experimentally proved that the
corn varieties which produce benzoxazinoids (BXs), a group of host defense com-
pounds, had 35 times higher isolation frequency of Fusarium species than nonproduc-
ers. Some BX-detoxifying fungal species, such as Fusarium verticillioides, F.
subglutinans, F. proliferatum, and F. graminearum, cause diseases in corn but are also
common endophytes. Their overall study indicated that the host plant production of
defense compounds can potentially alter the associating endophytic fungal community
structure and composition. While such compounds restrict fungal agents, they appear
to be attractants to plant-beneficial rhizobacteria such as Pseudomonas putida during
the young and vulnerable growth stages of maize (Neal et al. 2012).
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7.3  Actinomycetes Endophytes

Actinomycetes represent a dominant part of soil and rhizosphere microbial popula-
tions (Aradgjo et al. 2000). However, both the presence and isolation of this impor-
tant genus in corn have been neglected, although the presence of endophytic
actinomycetes has been reported in many other plants (Sardi et al. 1992; Matsukuma
et al. 1994; Matsumoto et al. 1998). Only one report was found that describes the
isolation of 53 actinomycetes in Zea mays variety Pirando. These actinomycetes
were isolated from surface-sterilized corn leaves and root tissues and belong to
genera Microbispora, Streptomyces, and Streptosporangium, being Microbispora
the prevailing genus (Aradjo et al. 2000).

7.4  Bacterial Endophytes

Bacterial endophytes have been isolated and identified from seed, root, stem, leaf,
and kernel of corn plants. The various plant tissues show differential levels and types
of bacterial colonization with the preferences being related to the plant age, environ-
mental conditions, sampling time, corn ontogeny, and corn cultivar (Roesch et al.
2006; Montaiiez et al. 2009). A healthy corn plant’s tissues carry from 10* to
1010 cfu/g of fresh weight (fw) from emergence to postharvest stages, respectively,
with an average of 10°-107 cfu/g fw throughout the growing season (Fisher et al.
1992; Mclnroy and Kloepper 1995a; Rai et al. 2007). However, the endophytic popu-
lation also depends on the variety of corn used and the region of cultivation, i.e.,
temperate vs. tropical (Rai et al. 2007). A tropical corn variety, Pusa Early Hybrid
Makka-1 (PEHM-1), when pretreated at the seedling stage with a bacterial suspen-
sion and then grown under greenhouse conditions, had bacterial densities in plants at
28 days after emergence (DAE) that were slightly less when compared to that of
field-grown plants of the same age and variety (Rai et al. 2007). Likewise, Palus et al.
(1996) reported the presence of cultivated endophytes in the apoplastic fluid of maize
plants. Colonization of host tissues by endophytes under gnotobiotic conditions is
determined by the inoculum density, temperature, and host genotype (Pillay and
Nowak 1997). A wide variety of bacterial endophytes were isolated from various
local varieties of Brazilian corn roots (Ikeda et al. 2013) that revealed that the plants
discriminate as to which genera they tolerate or harbor. Hybrid varieties generally
showed the highest bacterial diversity. The bacterial endophytes belonging to the
genera Klebsiella, Burkholderia, Bacillus, and Pantoea were most common, with
Pantoea sp. being present in all corn genotypes studied. Szilagyi-Zecchin et al.
(2014) identified seven individual endophytes from corn, of which six belonged to
the genus Bacillus and one to the genus Enterobacter. All bacteria were antagonists
of corn pathogens. The Enterobacter isolates also facilitated seed germination and
early seedling development and were considered as growth promoters under labora-
tory conditions. Figueiredo et al. (2009) isolated 42 bacterial endophytes that all
turned out to be Bacillus species. The group claimed that the most prevalent bacterial
endophytic species in Brazilian sweet corn is Bacillus, which was supported by the
work published in China (Gao et al. 2004) on 14 different Chinese corn cultivars.
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Montanez et al. (2012) isolated bacterial endophytes from a variety of commer-
cial corn cultivars. The isolates belonged to the genera Pantoea, Pseudomonas,
Rhanella, Herbaspirillum, Azospirillum, Rhizobium (Agrobacterium), Enterobacter,
and Brevundimonas. An ensuing characterization of the functions of these bacteria
revealed that many were able to fix nitrogen (diazotrophs; Montaiiez et al. 2012);
produced the hormone indole acetic acid (IAA), as well as siderophores; and could
solubilize phosphorous. However, only three isolates Enterobacter spp., P. fluores-
cens, and Herbaspirillum frisingens significantly promoted corn growth in vitro
(Montafiez et al. 2012). Pereira et al. (2011) suggested that culture-dependent and
culture-independent methods for the analysis of bacterial community diversity were
complementary to each other (Hardoim et al. 2008). The endophytic bacterial flora
of maize cv. Monsanto DK684RR2 root was isolated through culture-independent
method and found to be composed of y-Proteobacteria (79.5%), with the prominent
representation by Enterobacter, Klebsiella, Erwinia, and Pseudomonas, followed
by Firmicutes (20.5%) with Bacillus as the prevailing genera. However, culturable
bacterial endophytes isolated from the same sample showed mostly Bacillus
(Firmicutes 81.5%), followed by Achromobacter (p-Proteobacteria 11.1%), and the
remaining was identified as Pseudomonas (y-Proteobacteria 7.4%) (Pereira et al.
2011). Rhizobium etli, considered to be a corn endophyte (Rosenblueth and
Martinez-Romero 2004), has been found to colonize both the root and stem
(Gutiérrez-Zamora and Martinez-Romero 2001).

7.5 Sources of Corn Endophytes

Microbial endophytes enhance the plants’ ability to acquire nutrients, grow better
via production of growth-promoting hormones, and enhance resistance by antago-
nizing pathogens or activating resistance genes (Rosenblueth and Martinez-Romero
2006; Johnston-Monje and Raizada 2011a). Modern maize, Zea was domesticated
9,000 years ago in Mexico from a wild grass called teosintes (Matsuoka et al. 2002).
The edible crop gave rise to diverse traditional landraces by continuous breeding,
and it was spread by native growers throughout the American continent (Matsuoka
et al. 2002). Today we have created an enormous diversity of highly productive
commercial inbreds and hybrids (Duvick et al. 2010). Modern maize cultivars are
considered to be less resistant to pests and diseases than their wild relatives as a
result of changes in their genetic makeup brought about by continuous selection for
various traits (Wang et al. 2005; Lange et al. 2014).

There are conflicting reports on the primary source of endophytes; are they inher-
ited (vertically transmitted) and/or is the relative proportion derived from the sur-
rounding environment through the process of crop production (Hallmann et al.
1997). Through 16S-rDNA gene profiling, culturing, and microbial trait analysis,
the effect of soil swapping on founder bacterial endophyte communities has been
tested using phenotyping. The results indicated that soil swaps did not affect the
bacterial endophyte composition, richness, and diversity. At the same time, the
endophyte population of maize gets changed slowly over a long period of time so it
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is inferred that the wild maize (teosinte) are less susceptible to pests and diseases
than their modern maize (corn) relatives, maybe because of the presence of patho-
gen combating microbial endophyte population. Mousa et al. (2015) tested a variety
of endophytes isolated from diverse maize genotypes including wild teosintes, tra-
ditional landraces, and modern varieties and their ability to antagonize F. gra-
minearum, which causes Gibberella ear rot (GER) in maize. The authors concluded
that the wild relatives of the crop plants used today may serve as a reservoir for
endophytes for use in the ongoing fight against disease threats to modern agricul-
ture. Johnston-Monje et al. (2016) proved that the most common bacterial commu-
nities in early stage maize rhizosphere are seed transmitted by planting two
genotypes of Brazilian maize into sterile sand, a deep underground subsoil, and a
topsoil from the Amazon jungle.

7.6  Seed-Borne Corn Endophytes

Seeds are the source of life continuity, for both plants and microbial population that
they carry to next generation. Only a few studies have been reported on seed-borne
corn endophytes (Rijavec et al. 2007; Johnston-Monje and Raizada 2011a; Singh
et al. 2016). In a study conducted on four genetically related parental lines and their
hybrid varieties of Chinese corn (Liu et al. 2012), a noncultural approach was used
to investigate bacterial communities in parental lines and their hybrid offspring. The
bacterial endophytic population of genetically related corn hybrid seeds shared
common microflora to their parental lines, especially the dominant genera composi-
tion was similar to those found in either or both of parents (Liu et al. 2012). This
suggests that there is a direct relationship between endophytic bacterial content of
offspring seed and their parental bacterial strain. The prevailing bacterial genera
found common in all genetically related Chinese corn varieties included
Pseudomonas, Acinetobacter, Bacillus, Sphingomonas, Enterobacter, Burkholderia,
Klebsiella, Sphingomonas, Leclercia, Pantoea, and Roseateles, mainly belong to
Proteobacteria.

A number of bacterial endophytes were isolated from kernels of four different
corn varieties (Rijavec et al. 2007). Molecular identification by 16S rRNA gene
amplification revealed that the isolates belonged to Pantoea, Microbacterium,
Frigoribacterium, Bacillus, and Sphingomonas species, whereas the genus Pantoea
was found to be corn cultivar specific. The corn cultivar (W22) was susceptible to
fungus, i.e., Lecanicillium aphanoladii. Moreover, corn kernels that harbor Pantoea
species did not show any fungal deterioration symptoms, and the isolated Pantoea
strain exhibited antifungal activity against Lecanicillium aphanoladii when tested
in vitro (Rijavec et al. 2007).

A study by Johnston-Monje and Raizada (2011a) discusses the diversity and con-
servation of corn seed-borne endophytes, in ten different varieties of corn. The cultur-
able method endorsed the presence of Enterobacter, Methylobacteria, Pantoea, and
Pseudomonas species with y-Proteobacteria being the dominant class. However, the
culture-independent method, terminal restriction fragment length polymorphism



150 S.Alietal.

(TRFLP) analysis of 16S rRNA gene, demonstrated the prediction of Clostridium and
Paenibacillus species presence in all corn genotypes (Johnston-Monje and Raizada
2011a). It was also argued on the basis of TRFLP data-based analysis that there are
corn species-specific seed-borne endophytes present in different subgroup of same
corn species (i.e., Zea mays) and include Chloroflexi, Bradyrhizobium or uncultured
bacterium TX1AS8, and Paenibacillus caespitis. These microbes (or related peaks)
were not found in the other species of corn seeds used in that study (Johnston-Monje
and Raizada 2011a). Corn species-specific seed-borne endophytes are also able to
colonize plant’s roots and rhizosphere (Johnston-Monje and Raizada 2011a).

7.7  Nitrogen-Fixing Corn Endophytes

The presence of diazotrophic bacteria associated with corn is considered to improve
the capacity of corn to garner nitrogen required for root growth, plant health, and
productivity. The extent of nitrogen fixation in maize, however, has been shown to
be highly variable although sometimes substantial. It appears that the choice of
cultivars is very critical to get a response to this trait for the inoculum used to treat
plants. Modern maize and inbreds varied greatly in their response to diazotrophs.
Araujo et al. (2014) tested the effects of inoculating three hybrids with the diazotro-
phic bacteria H. seropedicae under greenhouse conditions with different rates of
nitrogen fertilization. Inoculation coupled with fertilization increased shoot N con-
tents 32% and 62% for the hybrids P3646H and BRS3035, respectively. However,
with no added fertilizer, nitrogen use efficiency was increased by 34% and 64%, for
the two respective hybrids with increased plant biometrics. There was no effect of
inoculation on the morphology, productivity, or chlorophyll content of DeKalb
(Monsanto) hybrid “DKB 390 grown for 30 days after emergence in a similar
greenhouse inoculation trial with Azospirillum brasilense (AbVS5) and H. seropedi-
cae (SmR1). Araujo et al. (2014) screened 35 different Brazilian cultivars for their
response to H. seropedicae inoculation. Only nine of the commercial hybrids
responded. Alves et al. (2015) screened different strains under controlled conditions
of the H. seropedicae for their effects on maize. Only one strain (ZAE94) responded
well, with the field inoculation of that strain increasing yield up to 34%, depending
on the maize genotype, and fixed 37% of the N in one of the hybrids (SHS5050).
Although nitrogen fixation has not been clearly documented in corn, only a few
reports described the possibility of the presence of endophytic nitrogen fixers in
corn. A study by Montanez et al. (2012) described the isolation and identification of
diazotrophic bacterial endophytes in a variety of commercial corn cultivars by N
isotope dilution method. The nitrogen fixation capabilities of the isolated bacterial
endophytes were checked by acetylene reduction assay and then verified by ampli-
fying the nifH genes. Only 6.2% of isolates (11 of 178) had this activity and hence
are considered as corn endophytic diazotrophs. The isolated endophytic diazotrophs
belonged to the genera Pantoea, Pseudomonas, Rhanella, Herbaspirillum,
Azospirillum, Rhizobium (Agrobacterium), Enterobacter, and Brevundimonas.
Burkholderia tropica sp. nov. has been reported to be a corn nitrogen-fixing
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endophyte under in vitro conditions (Reis et al. 2004). Rhizobium etli, a corn endo-
phyte, was reported to fix nitrogen in common bean (Martinez-Romero 2003) but
not in corn, although it is widely present in all tissues of corn (Rosenblueth and
Martinez-Romero 2004). While bacteria in corn are not considered as having a
major role in nitrogen fixation (Chelius and Triplett 2000), the Burkholderia sp.
found in corn cultivated in Mexico (Estrada et al. 2002) was confirmed to possess
this activity by the acetylene reduction assay, PCR-based amplification of nifH
genes, and corn seed bacterial inoculation assays, under laboratory conditions.
Klebsiella pneumoniae isolated from surface-sterilized tissues of corn (Palus et al.
1996) was also found to be able to fix nitrogen and to effectively colonize roots
(zone of root hair formation) and stems (intracellular space of stem cortex) (Chelius
and Triplett 2000). H. seropedicae was also documented as corn root diazotrophic
endophyte (Baldani et al. 1992; Dobereiner et al. 1993) but a pathogen to other
plants such as Sorghum and Pennisetum (Dobereiner et al. 1993). Additionally, it
cannot utilize sucrose as carbon source so its use as biofertilizer cannot be greatly
exploited since corn is a sucrose-rich environment (Bertolini et al. 1993; Palus et al.
1996). Many other studies have described biological nitrogen fixation associated
with corn in vitro by means of acetylene reduction assay (Von Biilow and Dobereiner
1975), by direct nitrogen isotope incorporation assays (Rennie 1980), and by inocu-
lation (Salamone et al. 1996), but none clearly stated the involvement of endophytic
bacteria in the nitrogen fixation activity.

7.8 Microbial Treatments to Corn

Bacillus subtilis seed treatment increased the nutrient availability to corn plants and
its growth potential (Canbolat et al. 2006). Corn yield was increased by 24-30% by
the inoculation of A. brasilense (Hungria et al. 2010). A fungal endophyte,
Acremonium zeae, originally isolated from corn kernels harvested in North Carolina
in 1977 (Wicklow et al. 2005), exhibited strong antifungal antibiotics against
Aspergillus flavus and Fusarium verticillioides, in vitro. When the culture was used
as biocontrol, it produced pyrrocidine antibiotic in preharvest corn kernels, which
was active against F. verticillioides and A. flavus (Wicklow et al. 2005).

The inoculation of the plant growth-promoting rhizobacteria (PGPR), A. brasi-
lense strain Az, into corn (hybrid 310) significantly increased growth of 2-week-old
seedlings under greenhouse conditions. The treatments were applied to seed as free
living bacteria or as immobilized bacterium in calcium alginate pellets (El-Katatny
and Idres 2014). The effect of co-inoculation of A. brasilense with the biocontrol
fungus Trichoderma harzianum (T24) increased shoot and root growth and the min-
eral contents significantly compared to un-inoculated plants. The largest differences
were observed when the seeds were pre-inoculated with immobilized cells of A.
brasilense alone (El-Katatny and Idres 2014).

The mechanisms by which bacteria colonize plants are starting to be studied
(Rosenblueth and Martinez-Romero 2006). The colonization abilities of bacteria
are dependent on various genetic factors, and loss of certain secreted proteins in
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bacterial mutants limits colonization ability. Molecular studies on the host defense
responses provided information that the host plants can limit the microbial popula-
tions inside the host plants.

7.9 Biocontrol
7.9.1 Biocontrol of Fungal Pathogens

Bacterial endophytes (Paenibacillus sp. and Citrobacter sp.) isolated from wild
corn exhibited growth suppression of a number of crop fungal pathogens in vitro
including Alternaria alternata, A. arborescens, Aspergillus flavus, A. niger,
Bionectria ochroleuca, Davidiella (Cladosporium) tassiana, Diplodia pinea,
Epicoccum nigrum, Fusarium lateritium, F. sporotrichioides, F. graminearum, F.
avenaceum,  Gibberella — avenacea, Nigrospora oryzae, N. sphaerica,
Paraconiothyrium brasiliense, Penicillium expansum, P. afellutanum, and Rosellinia
corticium (Mousa et al. 2015). When these wild-maize endophytes were applied as
a seed treatment to a modern maize hybrid variety P35F40, which is susceptible to
F. graminearum and causes Gibberella ear rot and produces mycotoxin, deoxyniva-
lenol (DON), the bacterial treatment significantly suppressed fungal diseases as
well as significantly reduced the concentration of mycotoxins during storage (Mousa
et al. 2015). This suggests that the ancestors of modern maize (wild maize, includ-
ing teosinte) acquired microbes that enhanced resistance to a diverse group of
pathogens that were likely lost as a consequence of domestication, migration, and
breeding (Wang et al. 2005; Johnston-Monje and Raizada 2011b; Johnston-Monje
et al. 2014; Lange et al. 2014; Mousa et al. 2015). There are other studies done in
greenhouse experiments or under gnotobiotic conditions that provide data indicat-
ing that Fusarium-mycotoxin-based infections and accumulations of the toxins can
be controlled by treating corn with a combination of Bacillus mojavensis (Bacon
et al. 2008) and Trichoderma sp. as seed treatments (Bacon et al. 2001). However,
when this study was expanded to the field, the results showed it was the biocontrol
agent (i.e., Bacillus mojavensis) itself that was suppressed by the Fusarium sp.
(Bacon et al. 2008) as a result of potent phytotoxic (Arias 1985) and antibacterial
compound such as fusaric acid, which inhibited B. mojavensis and other biocontrol
agents (Bacon and Hinton 1996; Landa et al. 2002; Bacon et al. 2008). Mercado-
Flores et al. (2014), demonstrated biological control of corn head smut, caused by
Sporisorium reilianum, by B. subtilis strain 160 under field conditions. The bacte-
rium was isolated from soil where corn had a high incidence of this disease (Petatan-
Sagahoén et al. 2011). A suspension of this bacterium was applied to seeds of hybrid
AS150, highly susceptible to head smut, and was subsequently sown into a field
with a history of smut disease in Mexico. B. subtilis significantly decreased the
incidence of smut disease by 47.6% in the first year and 31.9% for the second year
compared to untreated corn. Inoculated plants were healthier and yielded signifi-
cantly higher amounts of grain (Mercado-Flores et al. 2014).
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Brevibacillus reuszeri has potent antagonistic activity against a number of patho-
genic fungi, mainly mycotoxigenic Fusarium sp. (Joo et al. 2015). When fully
grown corn ears were co-inoculated with B. reuszeri culture filtrate and fungal
conidia of 46 different mycotoxigenic Fusarium species known to produce trichot-
hecenes, zearalenone, fumonisin, beauvericin, gibberellins, and moniliformin
(Proctor et al. 2006), the filtrate suppressed corn ear rot produced by 39 of 46 myco-
toxigenic Fusarium species (Joo et al. 2015). Furthermore, this isolate has since
been shown to suppress other fungi including members of Alternaria sp., Aspergillus
sp., Penicillium sp., and Epicoccum sp. in dual-culture plate assay (Joo et al. 2015).

Soil microorganisms produce volatile organic compounds (VOC) that signifi-
cantly influence plant growth and disease control (Bailly and Weisskopf 2012). One
of the very early-discovered VOC was 2,3-butanediol (2,3-BD) that is believed to
confer plant resistance against a number of biological stresses (Ryu et al. 2004; Han
et al. 2006; Cortes-Barco et al. 2010; Rudrappa et al. 2010). When surface-sterilized
maize seeds (Z. mays var. Delprim) were treated with a 2,3-BD producing E. aero-
genes, the emerging seedlings exhibited increased resistance to the Northern corn
leaf blight fungus Setosphaeria turcica, and a significant decrease was found to the
attractiveness of the plant toward the wasp parasitoid Cotesia marginiventris
(D’ Alessandro et al. 2014).

Many plant-associated microorganisms produce antibiotics that can be utilized
by their host plants to overcome attack by various phytopathogens. Acremonium
zeae, a fungal endophyte of corn, produces antibiotic pyrrocidine A, which exhibits
potent antifungal activity against corn kernel-rotting and mycotoxin-producing
fungi A. flavus and F. verticillioides in vitro (Wicklow and Poling 2009). Cells of A.
zeae are also able to prevent postharvest corn seeds from aflatoxin contamination by
A. flavus (Wicklow et al. 2005). Moreover, pyrrocidine A is highly effective in
reducing seed-borne pathogens Stenocarpella maydis, F. graminearum, and
Clavibacter michiganense subsp. nebraskensis, causal agents of severe seedling
blights and vascular wilts of corn (Wicklow and Poling 2009).

7.9.2 Corn Insect (Pest) Biocontrol

Like other grasses, corn is susceptible to a number of insect pests. The South
American corn rootworm, Diabrotica speciosa (Germer), is a polyphagous herbi-
vore that causes severe damage to corn and other plants (Ventura et al. 2001). The
effects of the bacterium A. brasilense on the impact of D. speciosa larvae infestation
on the corn cultivar Z. mays variety Delprim were done in Brazil. Ten-day-old seed-
lings derived from treated seed were exposed to larval infestation. The results
showed that seedlings pretreated with A. brasilense were protected against attack by
D. speciosa possibly due to elevated levels of a volatile compound, (E)-8-
caryophyllene, found in roots of the inoculated corn (Santos et al. 2014). Volatiles
produced by bacteria are known to trigger host resistance mechanisms (Ryu et al.
2004). The indirect biocontrol of corn rootworm by A. brasilense can be considered
as potential tool for insect pest management and control.
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7.10 Microbial Communities Associated with Transgenic vs.
Non-transgenic Corn

The rhizospheric microbial population is influenced by many factors including
plant genetic makeup, environmental conditions, and soil type. The community
structure of transgenic corn mainly depends on the type of the gene modified, the
level of transgene expression, and the insertion site of transgene within the genome
or plasmid (Brusetti et al. 2005). The transgenic Bt corn cultivar (Bt 176) was found
to exhibit a different rhizospheric microbial community than its non-transgenic
counterpart (Brusetti et al. 2005). Bt 176 expresses Cry protein, a crystalline toxin
of B. thuringiensis, that is secreted as root exudate (Saxena et al. 1999). The root
exudation pattern of the transgenic plant with Cry protein was significantly differ-
ent from the non-transgenic corn (Brusetti et al. 2005) and likely explains the dif-
ferences in the rhizospheric microbial structures of the corn plants (Saxena and
Stotzky 2000). However, the bacterial community profile was not significantly
affected in genetically modified corn with pat gene confers glufosinate herbicidal
resistance (Schmalenberger and Tebbe 2002). Plants such as potato and cotton that
were also genetically modified by insertion of the Cry protein gene showed no sig-
nificant differences in their rhizospheric microbial structures (Donegan et al. 1995,
1996).

7.11  Impact of Tillage Practices on Corn Microbial Ecology

The soil hosts and sustains a large array of soil micro- and macroorganisms with
various ranges of abundance and diversity as a result of the variable soil chemical,
physical, and textural properties. Intensive agricultural practices potentially effect
soil properties thereby its functioning. Sustainable agricultural practices such as
minimal tillage, cover cropping, crop residue retention, fence row farming, and
regular crop rotations will be an alternative to intensive agricultural practices that
will retain the soil health and productivity (Alvear et al. 2005; Ussiriet al. 2009).

Researchers compared the influence of various conventional and conservative
farming practices on the microbial community structure and diversity through
extensive phylogenetic analysis and found that the zero tillage had more influence
on the microbial community structure and diversity than the traditional practices.
The conventional soil tilling influenced the communities such as Actinobacteria,
Betaproteobacteria, and Gammaproteobacteria. Additionally, they found a signifi-
cant positive correlation of community structure with the soil organic matter and the
proportion of its clay content. Bacteroidetes, Betaproteobacteria, Cyanobacteria,
and Gemmatimonadetes communities were mostly affected by residue management
with the conventional farming than no tillage farming. Crop rotation or the mono-
culturing did not appear to affect the bacterial communities (Navarro-Noya et al.
2013).

Mr. Dean Glenney (Haldimand, ON) developed a cropping system where corn
and soybeans are planted in the exact same place on alternating years using a no-till
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production system and precision planters. While he did not find benefits of the rota-
tion for the first 5 years, in the 6 year, corn production increased and has now
reached 300 bu/A (20 tons/Ha) in a region where the average yield is 150 bu/A
(10 tons/Ha). We have shown that the biological factors likely contribute to the yield
increases in Mr. Glenney’s soils. The cultural practices he developed likely enriched
the beneficial microbial communities in the soil and quite possible that fluorescent
pseudomonads are involved. Management of beneficial soil microbial communities
by cultural practices has enormous promise as a means to improve plant health and
reduce costs of production (Islam et al. 2015). In the last few years of study, we have
compared the no-till, minimal-till, and conventional tillage practices and the effects
of cover crops on the microbial communities of corn which was planted in rotation
with corn; we found a significant difference in corn sap microbial communities
between no-till and conventional tillage farms but no significant change between
zero and minimal tillage sites. Among the four cover crops such as millet, garden
pea, soybean, and mustard tested, only the mustard significantly changed the com-
munity structure and diversity of corn sap, root, or the rhizosphere soil, while the
rest of the cover crops did not affect both the structure and diversity (Islam et al. and
Saveetha et al. unpublished).

7.12 Factors Determining Microbial Population
Inside the Plants

Plant genotype is a significant factor in determining which microflora is established
in the close vicinity (rhizosphere) (Michiels et al. 1989; Gomes et al. 2001;
Rosenblueth and Martinez-Romero 2004; Pereira et al. 2011) and inside the plant
including reproductive parts (i.e., seed) (Johnston-Monje and Raizada 2011a). Even
the wild-type plant may carry different set of microorganisms than the mutant of the
same plant cultivar in its rhizosphere (Neal et al. 1973). The plants’ physiological
characteristics control the type of microbial populations that reside inside and on
the surface of the plant (Hardoim et al. 2008; Van Overbeek and Van Elsas 2008).
Additionally, seed shape, different part of tissue and development, and germination
stage are also considered important factors in harboring microbial population in
plants (Zou et al. 2011; Liu et al. 2012). The diversity of endophytes (bacterial and
fungal) in corn also depends on the age of the plant (Baudoin et al. 2002; Pereira
et al. 2011) and the method (culturable or nonculturable) chosen for such analysis
(Pereira et al. 2011). The age of the plant is also a determinant of the number of
microflora a plant may carry; the older the plant is, the lower the number of microbes
it will possess. Upon maturity, corn plants carry less number of bacteria, and the
prominent bacterial flora includes Bacillus and Pseudomonas strains (Mclnroy and
Kloepper 1995a). Agricultural practices, such as the use and type of fertilizers, also
have impact on the endophytic communities of corn (Seghers et al. 2004).

Soil environment is the major source that contributes a plant’s microbiome, sig-
nificantly (Buyer et al. 1999). The most obvious portal of entry for soilborne endo-
phytes is root and its cracks. Plant roots are in direct contact with the microbes
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present in the soil and have greater chances to become the endophytic population of
the respective plant; however, certain genes (of the plants or/and the bacteria) also
control the microbial colonization of different plants (Liu et al. 2012).

Plants that are more genetically diverse than their parents have a better chance to
carry higher and more diverse microbial communities compared to parental plants.
Picard and Bosco (2006) found that the plants from the filial generation of hybrid
maize attracted more Pseudomonas as a consequence of having more crude protein
contents in their roots. It has been shown that hybrid plants of rice (Xiao et al. 1995)
acquire genetic traits that make them superior microbial hosts compared to their
parents as a result of dominance complementation. In our current studies on the
corn microbiome, we found that plants with the same genetic background showed
greater diversity and abundance when grown in low vs. high productive sites of the
same land (Saveetha et al. unpublished).

7.13 Application of Remote Sensing Technology in Corn
Microbial Research

Corn is one of the major grains grown in Canada, particularly Ontario. The pro-
posed maximum theoretical yield of corn is 400—450 bushels per acre in Canada,
but the growers in Ontario are producing on an average 150 bushels per acre. In the
course of our studies, we discovered that almost all corn production sites have zones
of high, average, and low yield, within the fields. Based on this aspect, we designed
a study that aims to identify the relationships between the soil chemical properties
and the plant endophytic microbial communities, in order to determine the factors
influencing the yield. If we could identify the drivers of yield between high- and
low-yielding zones, we could devise means to make the field more uniform toward
higher productivity. To separate such zones, we have been using aerial imaging
systems in this study.

A remote sensing unmanned aerial vehicle (UAV) was flown over each field during
V10 to R1 stage (60-80 days after planting — DAP) of the crop to generate a visual
representation of healthy and stressed spots. A Normalized Difference Vegetation
Index (NDVI) is then created of the field (Fig. 7.1). The UAV bears two cameras
mounted on each wing; one camera collects full-color imagery, while the other cam-
era collects infrared imagery. NDVI is calculated based on contrasting intense chloro-
phyll pigment absorption in the red (R) visible light against the high reflectance of
plant materials in the near infrared (NIR) NDVI = [NIR—R]/[NIR+R] (Moriondo
et al. 2007). Theoretical and experimental studies have proven NDVI to be linked to
several vegetation properties including percentage cover, green leaf area index, and
active green biomass. NDVI is also an indirect indicator of primary productivity.

The ratio of different soil chemical parameters affects microbial community
richness and diversity in many ways. Although some studies exist reporting gross
measures of soil microbial parameters and processes, limited information is avail-
able on how the soil chemistry affects the richness, diversity, and composition of
plant microbiome and vice versa. In our study, we thus far compared the structure
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Fig. 7.1 (a) NDVI of the farm marked with identified high- and average-producing sites; (b) ter-
minal restriction fragment length polymorphism (TRFLP)-based principal component analysis of
corn sap sample collected from the identified high and average production sites of a farm

and diversity of bacterial communities with soil and plant chemical parameters in
high- and low-producing sites (identified based on remote sensing technology) of
15 different farms across Ontario and determined what soil and plant chemical
properties influence bacterial communities. In all fields examined thus far, we have
found that the endophytic microbial communities were distinct between low- and
high-producing sites. The communities in high-producing sites were rich in their
populations of Pseudomonas species, while the community of low-producing sites
was populated with a gram-positive bacterium. The Rhizobium population was
greatly influenced by general fertility index. In general, the high-producing zones
had significantly greater bacterial richness and less diversity than the zones with low
yields. Redundancy analysis revealed that high soil bacterial diversity correlated
with a high respiratory quotient, indicating stressed microbial communities. By
contrast, soil bacterial communities in high-producing sites positively correlated
with high soil P levels and optimal K:Mg range (Saveetha et al. unpublished). Taken
together, the corn sap, root or rhizosphere soil, bacterial community composition,
and richness which may indicate shifts in their functionality despite equal levels of
total colony-forming units were greatly influenced by soil and physical and chemi-
cal properties apart from genetics and other cultivation practices; these changes
could be easily identified with the recent advances in the technology. A significant
outcome of this work is that there is a great variability in the diversity of the bacte-
rial communities within corn plants growing in a field. If one is sampling across a
transect for the microbial populations, an average of the populations will be
obtained. However, if the plants under stress can be segregated from those that are



158 S.Alietal.

not stressed, significant differences can be found between the groups. What factors
are driving the differences in populations should emerge from such studies. It is
hope that we can also identify specific biological activities of the populations at the
low- and high-producing zones.

7.14 Conclusion

The endophytic microbiome of a plant is a function of the bacterial communities
that (1) originated from the seed and (2) came from surrounding soil environments
and have selective and differential advantages on others to become colonized inside
plant. Moreover, a successful endophyte must be a competent rhizospheric microbe
in order to get inside the plant. Similarly, rhizospheric microbial communities are
better adopted for the specific niches and generally provide benefits to plants so that
a mutual relationship may establish.

The higher diversity of corn endophytes has been documented by a number of
authors (Chelius and Triplett 2001; Roesch et al. 2008; Montafiez et al. 2009; Liu
et al. 2012). The most prominent corn bacterial endophytes belong to Proteobacteria
class with varied findings of bacteria belonging to o-, 8-, and the y-subdivisions of
Proteobacteria. For example, Chelius and Triplett (2001) documented the predomi-
nance of a-Proteobacteria followed by the -Proteobacteria in corn. Roesch et al.
(2008) described the preference of a-Proteobacteria and p-Proteobacteria in corn.
Other groups found as prominent corn bacterial endophytes are mainly
y-Proteobacteria, which are followed by p-Proteobacteria (McInroy and Kloepper
1995b; Seghers etal. 2004) that corn tissues were colonized mainly by y-Proteobacteria
and then a-Proteobacteria, and the -Proteobacteria were found the least in number
(Montafiez et al. 2009). A number of field trials have been done on corn biocontrol
with the aim to find an environment friendly bio-cultivar that can suppress various
diseases of corn and can be utilized a tool for sustainable agriculture.
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Bacteriocin-Producing Rhizosphere
Bacteria and Their Potential
as a Biocontrol Agent

Naheed Mojgani

Abstract

An alarming rise in environmental pollution due to unsafe use of chemically
toxic pesticides and fertilizers in agriculture industry has stimulated researchers
to search for alternative control agents with wide spectrum of actions and lesser
side effects. In this context, the antimicrobial polypeptide bacteriocins produced
by rhizosphere bacteria have been evaluated as potential bio-stimulants of plant
growth and as biocontrol agents. Bacteriocins are ribosomally synthesized pep-
tides demonstrating bacteriostatic or bactericidal activity against other related
and unrelated microorganisms. A wide range of rhizosphere- and plant-associated
bacteria have been identified as potential bacteriocin producers demonstrating
wide range of inhibitory spectrum toward economically important plant patho-
gens. To date, approximately 500 bacteriocins have been identified and charac-
terized of which majority are produced by rhizosphere bacteria. These
antimicrobials characterized as highly potent toxins with powerful killing action,
high stability, and low toxicity to humans have been considered as a viable option
and a suitable alternative to chemically toxic agents used in many industrial
applications. The importance of bacteriocins is well recognized in agriculture
industry for their role in reducing the use of fertilizers and chemical inputs such
as fungicides and insecticides. This review presents an overview of bacteriocins,
their nature, mode of action, resistance, and genetics with special emphasis on
bacteriocin-producing rhizosphere bacteria and their possible potential as bio-
control agents for combating bacterial plant diseases.
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8.1 Introduction

Agriculture industry has been considered among one of the most dangerous indus-
tries, responsible for polluting the ground, river, and ocean water, leading to pol-
luted food, soil, water, and air. The extended use of synthetic fertilizers and
pesticides including insecticides, fungicides, herbicides, rodenticides, mollusci-
cides, nematicides, plant growth regulators, and antibiotics not only pose dangers to
the consuming public but is of high threat to the farmers and workers in the field
handling these chemicals. Additionally, the widespread use of antibiotics has led to
nature’s creation of stronger, more antibiotic-resistant strains of bacteria which is
significantly increasing the economic burden on the entire healthcare system. One
strategy to combat or overcome the hazards is to consider an alternative to augment
or replace these chemically toxic agents with more safe and efficacious antimicro-
bial agents. In this regard, antibiotics, bacteriocins, and bioactive peptides that orig-
inated from prokaryotic or eukaryotic cells with potential antimicrobial activity
have been explored vastly as an alternative strategy to replace the chemically used
control agents (Cintas et al. 2001; Zhang et al. 2009). The mentioned antimicrobial
agents share some similarities but are distinctly different in their mode of action,
host cell immunity, mechanism of target cell resistance, toxicity, and side effect
mechanisms. In contrast to antibiotics which are the broad-spectrum metabolites
produced by multi-enzyme complexes, bacteriocins are ribosomally synthesized
narrow-spectrum proteinaceous substances produced by a wide range of bacterial
species (Holtsmark et al. 2008; Sieiro et al. 2016); while, bioactive peptides show
hormone-like activity in their effect, a mechanism which distinguishes them from
all of the bacteriocins. In brief, the emergence of antibiotic resistance among micro-
bial population due to extended use of antibiotics and the undesirable toxic proper-
ties of several bioactive peptides made bacteriocins highly superior as natural safe
antimicrobial agents. Additionally, exploitation of narrow-spectrum antimicrobial
compounds like bacteriocins might be an attractive strategy for the targeted control
of bacterial plant diseases (Montesinos 2007).

In order to exploit bacteriocins in the industry, it is essential to understand their
nature. This review describes the fundamental issues concerning bacteriocins
including their definition, origin, mode of action, resistance mechanisms, and recent
perspectives as future biocontrol agents.

8.2  History of Bacteriocins

Colicins produced by Gram-negative E. coli are the first ever bacteriocin described
and the most widely studied bacteriocin to date. Following the discovery of colicins
in 1925, nisin (N group inhibitory substance), a bacteriocin produced by Gram-
positive bacteria, i.e., Lactococcus lactis, was reported for the first time in England
by Rogers and Whittier (1928). The nontoxic property and wide inhibitory spectrum
of nisin made them the first ever bacteriocin being approved for food applications
by the Food and Agriculture Organization and World Health Organization
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(FAO/WHO) in 1969. This bacteriocin was first marketed in England in 1953 and
since then approved for use in more than 48 countries (Ruiz-Larrea et al. 2007).
Furthermore, nisin was also accepted as bio-preservative ingredient in the European
food additive list (No. E234).

Production of colicin-like substance by a number of other strains of family
Enterobacteriaceae was also reported by Fredericq (1946). Based on his findings,
colicins were proteinaceous compounds with inhibitory action dependent on the
specific cell surface receptors present on the sensitive cells. Further distinguishing
features of the colicins included their relatively high molecular weight and plasmid-
associated production. Owing to their highly selective killing spectrum and potent
cytotoxicity, colicins have been considered to have potential as targeted next-
generation antibiotics for medical and agriculture use (Pugsley 1984; Riley and
Wertz 2002).

Additionally, E. coli strains produce a second type of bacteriocin known as
microcins. Microcins are smaller than colicins and share a number of physio-
chemical properties with the bacteriocins produced by Gram-positive bacteria,
including thermostability, resistance to some proteases, relative hydrophobicity, and
resistance to extreme pH (Gillor et al. 2004; Severinov et al. 2007).

Presence of colicin-like substance has also been reported in Gram-positive bac-
teria and termed bacteriocins (Jacobs et al. 1953). In contrast to colicins, the bacte-
riocins produced by Gram-positive bacteria display a wider spectrum of inhibitory
action against different species and a less solid host cell immunity to the homolo-
gous bacteriocins (Tagg et al. 1976).

As suggested by Klaenhammer (1988), 99% of all bacteria may make at least one
bacteriocin. To date, a number of bacteriocin-producing bacteria (Bacillus,
Enterobacter, Lactobacilli, Salmonella, Shigella, Staphylococcus, Proteus,
Pseudomonas, etc.) and archaea have been reported (Fredericq 1957; Klaenhammer
and Kullen 1999; Riley and Wertz 2002; Kaur et al. 2015; Sieiro et al. 2016).

8.3  (Classification of Bacteriocins
8.3.1 Bacteriocins of Gram-Negative Bacteria

Bacteriocins produced by Gram-negative bacteria are classified into four categories,
namely, colicins, colicin-like bacteriocins, microcins, and phage tail-like bacterio-
cins (Chavan and Riley 2007). Below is a brief description of each type of the men-
tioned bacteriocins.

8.3.1.1 Colicins

These antibacterial substances produced by E. coli are protease-sensitive, thermo-
sensitive proteins with molecular size ranging from 25 to 90 KDa (Pugsley and
Oudega 1987). Based on their mode of killing, two major types of colicins were
defined by Gillor et al. (2004):
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e Pore-former colicins: These type of colicins kill sensitive cells by forming pores in
the cell membrane. Some examples include colicins A, B, El, Ia, Ib, K, EI and 5.

e Nuclease colicins: Nuclease colicins demonstrate killing action by acting as
DNases, RNases, or tRNAses. Colicins E2, E3, E4, E5, E6, E7, E8, and E9 are
examples of nuclease colicins.

8.3.1.2 Colicin-Like Bacteriocins

Proteinaceous bacteriocins produced by other Gram-negative species are termed colicin-
like due to their structural and functional similarity to colicins. Like colicins, they can be
pore formers (pyocin S5) and nucleases (pyocins S1 and S2). Some other examples
include klebicins, S-pyocins, and alveicins produced by Klebsiella species, Pseudomonas
aeruginosa, and Hafnia alvei, respectively (Michel-Briand and Baysse 2002).

8.3.1.3 Phage Tail-Like Bacteriocins

They are large structures resembling the tail of bacteriophages or defective phage
particles. Some of the most studied phage tail-like bacteriocins are R and F pyocins
produced by P. aeruginosa (Michel-Briand and Baysse 2002; Dingemans et al. 2016).

8.3.1.4 Microcins

Gram-negative bacteria produce much smaller peptides (<10 KDa) known as micro-
cins. Gillor and his colleagues (2004) reported microcins to be chromosomally
encoded. Microcins can be divided into two classes including:

 Posttranslationally modified microcins including microcins B17, C7, J25, and D93.
¢ Unmodified microcins like microcins E492, V, L, H47, and 24.

8.3.2 Bacteriocins of Gram-Positive Bacteria

Based on biochemical and genetic characteristics, the bacteriocins from Gram-
positive bacteria have been classified into four distinct classes (Klaenhammer 1993).
Some of these characteristics include molecular size, physical properties, chemical
structure, and mode of actions. The four widely described classes of the Gram-
positive bacteriocins are as follows:

8.3.2.1 Class | or Lantibiotics

Lantibiotics are very low-molecular-weight (<5 KDa, 19-38 amino acid), thermo-
stable lanthionine peptides. Lantibotic-producing bacteria are well studied for their
commercial use in the food industry for making dairy products like cheese, the main
example being nisin. Another example is duramycin, which is used as a veterinary
antibiotic, especially for chickens. Chatterjee and his colleagues (2005) defined
three distinct types of class I lantibiotics based on their biosynthetic pathway and
bioactivity.

e Type A: Relatively long, linear, and flexible cationic peptides, e.g., nisin, subti-
lin, bisin, epidermin, and gallidermin
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e Type B: More globular, rigid peptides with no or negative net charge, e.g., mer-
sacidin, cinnamycin, duramycin, and plantaricin C

e Type C: Also known as two-component peptides. Members of Type C require
synergistic of two peptides for bioactivity. Some examples include haloduracin,
avermipeptin, erythreapeptin, and griseopeptin

8.3.2.2 Class Il

This class is composed of small (<10 KDa), thermostable, non-lanthionine peptides
that are not posttranslationally modified (Heng et al. 2007). The bacteriocins from
this class affect target cells similar to class I bacteriocins; however, their receptors
seem to be proteins rather than lipids (Diep et al. 2007). The circular class II bacte-
riocins can be divided into five subclasses, corresponding to the four subclasses of
unmodified LAB bacteriocins and one subclass of unmodified microcins:

e Subclass Ila: Pediocin and enterocins are the main representatives of subclass Ila
(Cintas et al. 2001; Diez et al. 2012). Bacteriocins belonging to this class are
37-48 amino acid residues showing high specificity to Listeria monocytogenes.

e Subclass IIb: This subclass comprises of bacteriocins requiring combined activ-
ity of two peptides (heterodimeric). Garneau and his colleagues (2002) stated
that these peptides have very low activity when employed individually. They
further reported that the members of class IIb bacteriocins can be classified into
two types: type E (enhanced) and type S (synergistic) peptides. Lactocin G is an
example of subclass IIb bacteriocins.

e Subclass Ilc: Bacteriocins belonging to this subclass have a cyclic structure
owing to the covalent bondings between C and N terminals (Kawai et al. 2004).
These circular bacteriocins display a broader spectrum of antimicrobial activity
toward various Gram-positive bacteria, including many food-borne spoilage and
pathogenic bacteria. Lactocin B, Enterocin AS-48, circularin A, and reutericin 6
are representatives of this subclass (Maqueda et al. 2008).

e Subclass IId: They are one-peptide, non-pediocin, linear, and leaderless bacterio-
cins. In contrast to the bacteriocins from other class, subclass IId bacteriocins do
not share any common system for their killing mechanisms mainly due to funda-
mental diversity of their primary structure (Iwatani et al. 2011; Cotter et al.
2013). Lacticin Q belongs to this subclass.

e Subclass Ile: Microcins E492-like bacteriocins (formerly known as the class IIb
microcins).

8.3.2.3 Class Il

Large (>30 KDa), heat-labile, non-peptide bacteriocins having complex activity and
protein structure are placed in class III. This class of bacteriocin differs from other
bacteriocins in their action mechanism. Helveticin J and lysostaphin are examples
of this class of bacteriocin.

8.3.2.4 Class IV
This class contains large (<10 KDa), complex cyclic peptides, combined with carbo-
hydrate or lipid moieties (Oman et al. 2011; Stepper et al. 2011), e.g., Enterocin AS-48.
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8.4 Mode of Action of Bacteriocins

The bacteriocins produced by Gram-positive and Gram-negative bacteria differ in
their mode of actions. Majority of bacteriocins are bactericidal in their mode of
action, while few are reported to be bacteriostatic, e.g., leuconocin S and leucocin
A-UAL (Holzaphel 1997). A widely accepted hypothesis for the mode of action of
bacteriocins is that these antimicrobial agents exert their actions on the sensitive
cells in two steps (Tagg et al. 1976). In both, Gram-positive and Gram-negative
bacteria, adsorption of bacteriocins to specific or nonspecific receptors on the cell
surface is considered an essential step leading to the death of sensitive cells. Among
Gram-negative bacteria, colicins are known to exert their bactericidal effects by
inhibiting the cell wall synthesis, permeabilization of the target cell membrane, or
inhibition of RNase or DNase activity (Gillor et al. 2004). The mode of action of
bacteriocins in Gram-positive bacteria differs among its classes, as receptor mole-
cule or a “docking molecule” found in the target bacterial cell membrane differs
among different classes and subclasses.

The bacteriocins produced by Lactic Acid Bacteria (LAB) have been known to
have both bactericidal and bacteriostatic effect on the sensitive cells (Sieiro et al.
2016). The bactericidal or bacteriostatic mode of action of these bacteriocins is
often dependent on the aspects of assay system, including the arbitrary units, the
buffer or broth, purity of the inhibitor, the sensitive indicator species, and used cell
concentrations (DeVuyust and Vandamme 1994). Figure 8.1 depicts the killing
mechanism of nisin belonging to class I lantibiotics.
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Fig. 8.1 Mode of action of bacteriocins by pore formation in the bacterial membrane (Ruiz-
Larrea et al. 2007)
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8.5 Genetics of Bacteriocins

The genes for bacteriocins are encoded on chromosomes, plasmids, and/or mobile
elements such as transposons. Some examples of plasmid-associated bacteriocins
include colicins, halocin H4, and lactocin RN78, while pyocins and lactocin NM24
and NM332 were reported to be chromosomally located (Michel-Briand and Baysse
2002; Chavan and Riley 2007; Mojgani et al. 2010). In some bacterial species like
Serratia marcescens, the bacteriocin-producing genes are encoded both on plasmid
and chromosome (Riley and Wertz 2002); while lacticin 481-producing genes are
shown to reside on the transposon Tn5721 (Dufour et al. 2007).

In Gram-negative bacteria, the bacteriocin synthesis is under the control of three
to four tightly linked genes, namely, toxin, immunity, transport, and lysis genes,
typically located on one or two operons. Thus a functional operon harbors the (a)
structural or activity gene, (b) a gene involved in specific immunity to the bacterio-
cin, (c) a gene that processes (removes leader sequences) and transports the bacte-
riocin across the membrane, and (d) lysis gene that encodes accessory protein
required for the release of bacteriocin from the cell but whose specific role is yet not
known (Riley and Gordon 1992). However, presence of all these genes is not ubiq-
uitous especially in colicinogenic strains. Braun and his co-workers (1994) demon-
strated that colicin B and M and colicin-like pyocin S3 lack the lysis genes involved
in the secretion of bacteriocins.

In most of the class II bacteriocins, the genes encoding ABC transporter and the
accessory proteins are on separate operons or near the operon which harbors the
structural gene and immunity gene. Some class II bacteriocin structural genes are
located adjacent to the promoter on an operon that also contains the immunity gene
downstream, i.e., all genes within the same operon. Mostly the structural genes are
transcribed in the same direction, although in some cases, as is the case with coli-
cin B (Braun et al. 1994), the immunity gene is transcribed in the opposite
orientation.

In Gram-positive bacteria, the gene clusters involved in bacteriocin synthesis
might contain many more genes and have more complex transcriptional organiza-
tion. The genetic organization in Gram-positive bacteria varies between the classes.
Lactic Acid Bacteria are known to produce several bacteriocins which are encoded
by a variety of bacteriocin genes scattered over the chromosomes and plasmids
(Franz et al. 2007). Carnobacterium piscicola LV17 produces at least three bacte-
riocins which are encoded by three genes: two encoded on plasmids and one on the
chromosome. Similarly, nisin has been shown to contain eight genes located on a
polycistronic operon that are involved in nisin biosynthesis (Engelke et al. 1992).
These multiple genes are located on the chromosome and are carried by a large
conjugative transposon (Horn et al. 1999). The structural gene, nisA, is the first in
the operon and is directly followed by three genes, nisB, nisT, and nisC, thought to
be involved in the export of bacteriocin. Four additional genes that lie directly
downstream are nisl, nisP, nisR, and nisK.
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Enterocin, a bacteriocin produced by Enterococcus species, has also been known
to be encoded by a number of structural enterocin genes. Many of the enterocin
structural genes studied include entA, entB, entP, entQ, bac31, entL50A, and
entL50B (Cintas et al. 2001; Sanchez-Hidalgo et al. 2003; Henning et al. 2015).

8.6  Resistance and Immunity to Bacteriocins

The immunity mechanism of the bacteriocin-producing strain to its own product is
controlled by a special mechanism depending on a variety of bacteriocin-specific
immunity proteins encoded by the related gene sequences in close proximity of
other bacteriocin structural genes on the same operon (Fig. 8.2) (Cintas et al. 2001;

outside

- ST
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Fig. 8.2 Mode of action and immunity of Class Ila bacteriocins; (a) Class Ila bacteriocin specifi-
cally targets an extracellular loop of IIC, one of the two membrane-embedded components (IIC
and IID, also called ManCD) of man-PTS; (b) the initial interaction leads to further interactions
with some membrane helices of man-PTS, somehow causing the channel of the sugar permease to
remain open, leading to leakage of solutes, destruction of membrane integrity, and eventually cell
death; (¢) in producer cells, the cognate immunity protein binds to IICD and locks the bacteriocin
in a tight complex, thereby preventing the bacteriocin from opening the pore



8 Bacteriocin-Producing Rhizosphere Bacteria and Their Potential as a Biocontrol... 173

Cleveland et al. 2001). The bacteriocin producer strains produce specific immunity
proteins that prevent pore formation by the bacteriocins. However, a number of non-
bacteriocin-producing LAB has also been reported to possess immunity genes.
Meager information is available regarding the mode of action of these immunity
proteins (Nes and Holo 2000). A number of observations have indicated that class
Ila bacteriocin immunity proteins are free intracellular molecules which prevent
bacteriocin action at the membrane site indirectly via a membrane bound protein
(Ennahar et al. 2000). Immunity to nisin is thought to be mediated by the lipoprotein
encoded by nisl, while nisR and nisK are involved in the regulation of nisin biosyn-
thesis genes (Kuipers et al. 1993).

The bacteriocin resistance mechanisms are known to be completely different
from the immunity. Several structural and physiological alterations are known to be
responsible for making a cell resistant toward bacteriocin. According to reports,
changes in the composition and structure of the cell wall and cellular membrane,
alterations in the electrical potential, fluidity, membrane lipid composition, and load
or cell wall thickness might be the factors related to the resistance of cells toward
bacteriocins (Mantovani and Russel 2001). Additional factors might be that the spe-
cific receptors essential for bacteriocin action are either lacking or mutated on the
cell surface of the resistant strain.

The resistance of L. monocytogenes to nisin has been attributed to the changes in
fatty acid composition of cell membranes which reduces phospholipid concentra-
tions and hinders pore formation, all preventing insertion of nisin molecules. The
average frequency of nisin resistance may vary between 10*> and 107 depending on
the strain of L. monocytogenes (Gravesen et al. 2002).

8.7 Bacteriocin-Producing Rhizobacteria

Rhizosphere is densely populated by a diverse group of microorganisms among
which the Gram-positive bacteria are dominant. The bacteria inhabiting the rhizo-
sphere are usually termed as rhizobacteria, which on the basis of their effect on
plant growth are grouped into (a) the beneficial bacteria responsible for plant growth
and development and termed as plant growth-promoting rhizobacteria (PGPR), (b)
the deleterious rhizobacteria responsible for plant disease, and (c) neutral group
(Kloepper et al. 2004). The PGPR exert their beneficial effect either by providing
hormones or by producing antagonistic substances like antibiotics and bacteriocins
(Glick and Bashan 1997). A number of Bacillus and Pseudomonas spp. well known
as PGPR are also potential bacteriocin producers (Podile and Kishore 2006).
Several bacteriocins isolated, identified, and characterized from Bacillus species
include cerein7 and 8A produced by B. cereus (Oscariz and Pisabarro 2001; Bizani
et al. 2005); Bac-GM17 from rhizosphere-derived B. clausii GM17; subtilisin H4,
IH7, and Bac14B from B. subtilis strains (Compaore et al. 2013); and thricin17 and
thricin Bnl from B. thuringiensis strains (Gray et al. 2006). The growth-promoting
function of thuricin 17, a bacteriocin produced by plant growth-promoting B.
thuringiensis, has been reported earlier (Gray et al. 2006). Later, Lee and his
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colleagues (2009a, b) reported the plant growth-promoting effect of thuricin 17
after direct application onto leaves or roots of soybean plants. Additionally, Bac14B
produced by B. subtilis 14B strain was isolated from the rhizosphere of healthy
almond plant in Turkey (Hammami et al. 2009). Bac 14B showed significant anti-
bacterial activity against Agrobacterium tumefaciens, the causal agent of crown gall
disease.

Amylocyclin, a small peptide bacteriocin produced by B. amyloliquefaciens
spp., is a circular bacteriocin with high antibacterial and antifungal activity (Scholz
et al. 2014). Amylocyclin was found active against Ralstonia solanacearum, the
causal agent of capsicum bacterial wilt, and Xanthomonas campestris, the causal
agent of black rot disease in cruciferous plants (Hu et al. 2010).

The beneficial effect of Lactic Acid Bacteria (LAB) present in different ecologi-
cal niches is not a hidden fact (Klaenhammer and Kullen 1999). This group of
bacteria are considered GRAS (generally recognized as safe) and have found poten-
tial importance as probiotics (FAO/WHO 2001). In a study conducted by Anacarso
et al. (2015), a number of bacteriocin-producing LAB were isolated from plants,
flowers, and other vegetable matrices derived from house plants. In our previous
studies, we were able to isolate bacteriocin producing Lactobacillus strains from
green olives in Iran (Mojgani et al. 2009). Similarly, Kaur and his colleagues (2015)
isolated and characterized bacteriocin-producing Lactobacillus species from rhizo-
sphere soil. Although LAB are isolated from plants and plant rhizosphere, they are
not considered part of the natural flora of the growing plants, indicating the role of
insects in the spread of these organisms (Stirling and Whittenburg 1963).

Enterococci, member of LAB and common colonizer of gastrointestinal tract of
man and animal, are also found in soil, plants, vegetables and water (Abriouel et al.
2010). A number of bacteriocin producer rhizosphere Enterococcus species have
been reported earlier (Klibi et al. 2012). Bacteriocin-producing Enterococcus strains
are considered to have an ecological advantage over non-bacteriocin producers,
residing in the same ecosystem. In a report, Enterocin SE-K4 and mundticin KS were
shown to be produced by E. faecalis and E. mundtii strains isolated from grass silage,
respectively (Kawamoto et al. 2002). Furthermore, mundticin QU2 was also reported
in an E. mundtii strain, isolated from soybeans, while Enterocin Xa and b were shown
to be produced by E. faecium, isolated from sugar apples (Hu et al. 2010).

A large number of Gram-negative plant pathogens such as Pseudomonas syrin-
gae, Pectobacterium spp., and Xanthomonas spp. have been known for their
bacteriocin-producing traits (Grinter et al. 2012). S-type pyocins and several high
molecular mass phage tail-like bacteriocins have been reported in P. syringae and
closely related plant-associated pseudomonads (Lavermicocca et al. 2002; Sisto
et al. 2010; Ghequire et al. 2012). Putidacin are excreted by P. putida strain
BW11M]I, isolated from banana roots (Parret et al. 2003). Additionally, two lectin-
like bacteriocins resembling putidacin in its spectrum of action were shown to be
produced by a biocontrol strain P. fluorescens Pf 5 (Parret et al. 2005).

Several Erwinia spp. are known bacteriocin producers (Nguyen et al. 1999;
Jabrane et al. 2002). Carotovoricin, a bacteriocin produced by E. carotovora subsp.
carotovora (presently known as Pectobacterium carotovora), was the first ever
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bacteriocin described in Erwinia spp. (Hamon and Peron 1961). Later, Tovkach
(1998) reported production of two types of bacteriocins including colicin-like small
and macromolecular carotovoricin (MCTVs), respectively, by E. carotovora.
Carotovoricin has been known to exert its antimicrobial action by self-assembling
into cytotoxic phage tail-like fibers. Additionally, carotovoricin Er, carocin S1, and
erwiniocin NA4 are some of the other bacteriocins produced by Erwinia species
(Yamada et al. 2006; Chuang et al. 2007; Subramanian and Smith 2015). Several of
these bacteriocins have been shown to exhibit anti-Xanthomonas oryzae activity
which highlights their possible potential application in agriculture for the control of
leaf blight in rice crop.

Phage tail-like bacteriocins have also been reported in Ralstonia solanacearum
(reduces the development of bacterial wilt on tobacco), Serratia plymithicum, and
Rhizobium (Holtsmark et al. 2008); while trifolitoxins, peptide bacteriocins pro-
duced by Gram-negative bacteria Agrobacterium tumefaciens and R. leguminosa-
rum, have been reported by Scupham and Triplett (2006).

Minimum information is available regarding the bacteriocins produced by Gram-
positive plant pathogens. One of the best studied bacteriocins from Gram-positive
plant pathogens is ipomicin produced by Streptomyces ipomoea, a sweet potato
pathogen (Zhang et al. 2003). In addition, a tomato pathogen, Clavibacter michi-
ganensis, was shown to harbor a 14 KDa antimicrobial bacteriocin named michi-
ganin A, which was active against the growth of potato pathogen C. michiganensis
subsp. sepedonices (Holtsmark et al. 2008). Michiganin A resembles with other
type B lantibiotics, produced by Actinoplanes and Bacillus species (Zimmermann
and Jung 1997). Furthermore, Ahmad et al. (2014) reported a 25-35 KDa bacterio-
cin in Lysinibacillus jx416856, isolated from fruit and vegetable waste.

8.8  Bacteriocins as Biocontrol Agents

Bacteria and their metabolites that reduce the incidence or severity of plant diseases
are often known as biocontrol agents, while those that exhibit antagonistic activity
toward pathogen are defined as antagonists (Beattie 2006). The potential of bacte-
riocin producers and bacteriocin preparations to control major bacterial crop dis-
eases is not a new concept and has been studied extensively in the last couple of
decades. However, for effective biocontrol, the bacteriocins must be able to survive
and grow under natural field conditions so as to be able to compete with the phyto-
pathogens on long-term basis (Cabrefiga 2004). Based on observations, the rhizo-
sphere-derived bacteriocin producers and the bacteriocins produced by
phytopathogens are of great interest due to their possible contributions in determin-
ing the composition of microbial ecosystems, for example, in the rhizosphere,
which reciprocally could affect the emergence and severity of plant disease out-
breaks. Furthermore, such compounds might provide safe and natural tools for com-
bating plant pathogens.

Some success in using bacteriocins as biocontrol agents of pre- and post-harvest
crops has been reported. In a study conducted in Egypt, In planta biological control
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of potato brown rot disease caused by Ralstonia solanacearum, was carried out
using active Biocine S2HA as biocontrol agents (Kabeil et al. 2008). The results of
their findings indicated that treating infected tuber seeds with biocine S2HA
increased potato yield significantly. Similarly, Lavermicocca and his colleagues
(2002) showed that an uncharacterized bacteriocin produced by P. syringae pv. cic-
caronei was able to reduce 60-80% olive knot disease caused by P. syringae pv.
savastanoi. Sakthivel and Mew (1991) used non-pathogenic bacteriocin-producing
mutants of Xanthomonas oryzae pv. oryzae to control bacterial blight of rice. A
drawback of this study was that although the strains used were consistently able to
survive as epiphytes up to 4-weeks post inoculation, the reduction in disease symp-
toms was highly variable, ranging from 31% to 99% in greenhouse tests. Similar
inconsistencies were observed when using avirulent Erwinia amylovora, E. herbi-
cola, or Pseudomonas tabaci to control fire blight (Mclntyre et al. 1973). Control
was variable with respect to timing of treatment application relative to inoculation
with the pathogen.

A number of other examples include attenuation of gall formation by bacteriocin
(agrocin 84)-producing nonpathogenic Agrobacterium radiobacter strain 84.
Despite its commercial success, the use of agrocin 84 encountered some problems,
first of which is its restricted specificity limited to A. fumefaciens strains harboring
agropine-specific enzymes. Under natural conditions, transfer of the agrocin plas-
mid into the pathogen presents a potential problem for biocontrol. In a field experi-
ment in Greece, the use of strain K84 showed formation of some galls by
agrocin-resistant A. tumefaciens strains (Stockwell et al. 1996). However, this prob-
lem was solved by a deletion of a 5.9 kb region of the agrocin plasmid which con-
tained the genes necessary for plasmid mobilization. The modified strain has
subsequently undergone substantial field testing and is marketed as the first geneti-
cally engineered organism to be used as a pesticide.

Bacteriocins have great potential for use as prophylactic treatment for seed or
tuber-borne pathogens, prevention of secondary spread of pathogenic bacteria from
infected plants, and protection of high-valued crops from bacterial plant pathogens.
However, in order to reduce the chances of development of bacterial strains resistant
to bacteriocins, it is recommended that at least two and preferably three serologi-
cally unrelated bacteriocins are used simultaneously.

8.9 Conclusion

The economic damages in the agriculture farming due to phytopathogens could be
avoided by undertaking safe and efficacious strategies such as application of bacte-
riocins for combating the bacterial plant pathogens. One of the advantages of
narrow-spectrum bacteriocins is that they could target specific pathogens without
disturbing the wider microbial community.

It has become interestingly clear that bacteriocins have the potential to cover a
very broad field of application including the food industry, the medical, and agricul-
ture sectors. In agriculture industry, these natural and safe antimicrobials might play
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a dual role, as plant growth promotors and as antagonistic agents with disease sup-
pression mechanisms.

Although certain limitations still exist in the use of these natural antimicrobial
substances as biocontrol agents, they are of high agronomic importance.
Investigations regarding the existing bacteriocins are essential as the possibility still
exists that many of the bacteriocins that have been characterized to date may have
additional, undiscovered functions. Once harnessed, the use of bacteriocins could
not only reduce excessive use of antibiotics and overcome the problem of emerging
multidrug-resistant pathogens in the health sector but would also minimize the use
of chemical fertilizers, fungicides, and insecticides in the agriculture industry.
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Role of Hydrolytic Enzymes of Rhizoflora 9
in Biocontrol of Fungal Phytopathogens:
An Overview
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Abstract

Microbial community in the rhizosphere produces a variety of hydrolytic
enzymes that are responsible for the degradation of various components of fun-
gal pathogens. The extracellular hydrolytic enzymes excreted by soil rhizobia
degrade cell wall components of plant pathogenic microbes. The enzymes of
these types are able to breakdown glycosidic linkages present in the polysaccha-
ride of the cell wall of phytopathogens. In this regard, plant growth-promoting
rhizobacteria (PGPR) are known to colonize rhizosphere and enhance plant
growth through different mechanisms that include (i) plant growth promotion
and (ii) biological control of plant disease. Plant growth promotion mechanisms
include mineralization of insoluble substances, production of plant growth hor-
mones, biological nitrogen fixation, and promotion of root growth. Biocontrol
mechanism involves competition, antibiosis, parasitism, induction of systemic
acquired resistance (SAR), induction of systemic resistance (ISR), soil suppres-
siveness, and production of various antifungal metabolites; hydrolytic enzymes
such as chitinase, glucanase, protease, and cellulase; and antibiotics such as
2,4-diacetyl phloroglucinol (DAPG), amphisin, oomycin A, hydrogen cyanide,
phenazine, pyoluteorin, pyrrolnitrin, cyclic lipopeptides, oligomycin A, zwitter-
micin A, kanosamine, and xanthobaccin. Production of hydrolytic enzymes by
PGPR is an important mechanism directed against phytopathogens for sustain-
able plant disease management. These enzymes break down the cell wall of fun-
gal pathogens causing cell death. This review focuses on the different aspects of
various hydrolytic enzymes produced by rhizoflora and their role in sustainable
biocontrol of phytopathogens.
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9.1 Introduction

Soilborne phytopathogens are responsible for causing infection of roots, stems,
leaves, and fruits. These phytopathogens occur in a broad spectrum of susceptible
hosts under favorable environmental conditions. Such diseases are known to cause
severe economic losses to variety of food crops and are commonly controlled by
using synthetic fungicides or nonspecific chemical fungicides. These plant diseases
are known to cause a loss of 30% crop yield posing economic hardship to producers
(Sayyed et al. 2012; Shaikh and Sayyed 2015). All over the world, population is
increasing tremendously every day and hence the agricultural practices to increase
the yield. This need has compelled to use synthetic agrochemicals, but the chemical
pesticides and fertilizers have caused even more destructive effects to the agricul-
tural field because these chemicals are not eco-friendly. The present need of sustain-
able agricultural practices is focused on the safer alternatives to conventional
agrochemicals (Pane et al. 2013). The intensive use of fungicides, to control plant
pathogens and excessive use of chemical fertilizers to increase crop productivity,
has severally imbalanced the agroecosystem (Logemann and Schell 1993). In this
regard, PGPR have been seen as a greener approach to control plant pathogens and
to promote plant growth (Sayyed and Chincholkar 2009; Sayyed et al. 2010, 2013,
2015; Sayyed and Patel 2011; Shaikh et al. 2014, 2016).

The mechanisms of plant growth promotion by PGPR include production of
plant growth regulators, asymbiotic N, fixation, and solubilization of mineral phos-
phates and other nutrients (Sarvanakumar et al. 2007; Sayyed et al. 2007; Sharma
et al. 2013), while biocontrol involves antagonistic action toward plant pathogens
by production of siderophores, antibiotics, cyanide, and hydrolytic enzymes (Shaikh
et al. 2014; Shaikh and Sayyed 2015). Antagonistic or biocontrol activity of PGPR
is attributed to the production of different types of cell wall-lysing enzymes such as
chitinase, protease/elastase, cellulase, and p-1,3 glucanase.

9.2 Plant Growth-Promoting Rhizobacteria (PGPR)

Rhizospheric bacteria, having plant growth-promoting ability by colonizing the
plant roots, are known as PGPR (Kloepper and Schroth 1978). PGPR are potentially
useful in stimulating plant growth and increasing crop yields (Sayyed et al. 2010).
Thus the rhizosphere of crop plants is a promising source of PGPR (Lucas et al.
2001 and Barriuso et al. 2005). PGPR can be differentiated into two categories on
the basis of their relationship with the plants: symbiotic rhizobacteria and free-
living rhizobacteria (Khan 2005; Freitas et al. 2007). Worldwide literature clearly
states that the use of PGPR in agriculture is increased tremendously, and significant
increase in growth and yield of agronomically important crops has been obtained
(Asghar et al. 2002; Vessey 2003; Gray and Smith 2005; Silva et al. 2006; Figueiredo
et al. 2008; Araujo 2008). The plant growth-promoting ability of some bacteria is
highly specific to certain plant species, cultivar, and genotype (Bashan 1998; Gupta
et al. 2000; Lucy et al. 2004). PGPR not only provide essential nutrients for plant
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growth promotion, but they are also important in biocontrol of pathogen; they
improve the health of soil in the long term and, hence, are potentially important in
reducing the use of chemical fertilizers and chemical pesticides (Lugtenberg and
Kamilova 2009). However, the better understanding of mechanisms of plant growth
promotion and the biocontrol is vital aspect for the better utilization of PGPR in
agriculture. The knowledge of structure and diversity of rhizosphere microbial con-
sortium with respect to their complexity; natural selection; interpopulational rela-
tions like symbiosis, parasitism, mutualism, or competence; and succession is
equally important in this aspect (Barriuso et al. 2008).

9.3  Fungal Plant Diseases

The vast range of phytopathogens causes various types of diseases by infecting the
whole or a specific part of the plants. Their effect ranges from mild symptoms to
catastrophes in which huge plantations of food crops are destroyed and hence causes
loss of yield. Catastrophic plant disease exerts the current deficit of food supply in
which at least 800 million people are not properly fed. The strengths of phytopatho-
gens like their populations are variable in time and space, and genotype increases
the difficulties to control them (Strange and Scott 2005). The continuous use of
fungicides has developed the resistance which causes the loss in productivity. The
biological controls have been found more promising than chemical fertilizers, dis-
cussed in Sect. 9.5.

The worldwide reporting shows that not all but various fungal species are found
to be pathogenic to the plants and their products. Some of the plants affected by
phytopathogenic diseases are listed in Table 9.1.

9.4 Composition of Fungal Cell Wall

The cell wall of fungal or any pathogen is meant for protection of its internal con-
stituent from various environmental factors. The structure of fungal cell wall is
unique and is therefore an excellent target for the development of antifungal metab-
olites. The structure and biosynthesis of various antifungal metabolites have been
reviewed. These studies have clearly demonstrated that fungal cell walls are mainly
composed of chitin, glucans, mannans, and glycoproteins (Bowman and Free 2006).

The fungal cell walls contain fibrillar materials attached to sugars, proteins, lip-
ids, and a variety of polysaccharides (Fig. 9.1). These fibrillar materials are inert.
The functional components of cell wall are needed for nutrient transport, extracel-
lular degradation of non-permeable substrates, communication, and modifications
of cell wall structure.

About, 80% of the cell wall of fungi is made up of polysaccharides. The fibrillar
structure is built on chitin, chitosan, B-glucans, and a variety of heteropolysaccha-
rides (Table 9.2). These fibers are encompassed in a complex gel-like matrix.
Proteins in the form of glycoprotein are present in small amount, i.e., 20%. All
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Table 9.1 List of phytopathogens infecting plants with various diseases

Target plant or plant
No. | Disease part Phytopathogen References
1 Brown Patches of brown and | Rhizoctonia solani Giesler and Yuen
patch yellow color appear (1998)
on the lawn in
irregular shapes
2 Cankers ‘Woody plants Gibberella circinata Wingfield et al.
(Fusarium circinatum) (2002)
3 | Damping All types of plants Pythium and Fusarium Mao et al. (1997)
off
4 Powdery Grains, alfalfa, Uncinula necator Doster and
mildew onions, cucumbers Schnathorst
(1985)
5 Ergot Rye, barley, wheat, Claviceps purpurea Giesbert et al.
and other grasses (2008)
6 Root rots All types of plants Phytophthora sp. Thomas et al.
(2003)
7 Rusts Wheat, oats, barley, Puccinia Uchida et al.
rye (2006)
8 Scab Wheat, rye, barley, Fusarium graminearum O’Donnell et al.
potatoes (2000)
9 Seed decay | All types of plants Phomopsis Lietal. (2015)
10 | Smuts Oats, barley, grasses, Ustilaginomycetes Miiller (2015)
corn, wheat
11 | Soft rots, Potatoes, onions, Syncephalastrum Misra (2016)
dry rots carrots, fleshy organs, | racemosum, Fusarium sp. Heltoft (2016)
etc.
12 | Wilts Potatoes, alfalfa, trees | Fusarium oxysporum Pietro et al. (2003)

Mannoproteins

o o
o RTTRRR IR

Cell
membrance

Membrane protiens

— Chitin

Fig. 9.1 Typical structure of fungal cell wall (Adapted from Vega and Kalkuma 2011)

proteins are not generally the structural components. Lipids are present only in
small amount. Proteins and lipids regulate movement of water and protect the fun-
gal cell from desiccation (Cox and Hooley 2009).
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Table 9.2 Fungal cell wall-forming polymers

Fibrous

No. | Classification polymers Gel-like polymers

1 Basidiomycota Chitin p-(1-3), Xylomannoproteins o (1-3) glucan
B-(1-6) glucan

2 Ascomycota Chitin p-(1-3), Galactomannoproteins a (1-3) glucan
B-(1-6) glucan

3 Zygomycota Chitin chitosan | Polyglucuronic acid,

glucuronomannoproteins, polyphosphate
4 Chytridiomycota Chitin glucan Glucan

Adapted from Gooday (1995)

9.5 Biocontrol Through Hydrolytic Enzymes

It has been studied that many rhizobacteria/biocontrol agents (BCAs) synthesize
extracellular hydrolytic enzymes that are involved in hydrolysis of fungal cell wall
components such as chitin, proteins, cellulose, hemicellulose, and DNA; these
hydrolytic enzymes have the potential of inhibiting phytopathogens (Pal and
Gardener 20006).

9.5.1 Hydrolytic Enzymes

The term biocontrol/biological control denotes the direct or indirect manipulation of
microbes for reducing plant disease (Baker and Cook 1974; Maloy 1993). Among
the wide genetic biodiversity of prokaryotes, PGPR play crucial role in the biocon-
trol of plant diseases and in improvement of crop productivity through various
mechanisms (Fernando et al. 2005). Biotic agents like harmful insects, parasitic
weeds, and phytopathogens are among the major causes of serious loss and damage
to agricultural crop and products. This needs to be controlled to sustain the quality
and quantity of agriculture products. Currently numerous strategies are employed to
combat this problem (Bargabus et al. 2002; Benhamou 2004; Kloepper et al. 2004,
Islam et al. 2005; Chisholm et al. 2006; Heydari 2007; Heydari et al. 2007). A natu-
ral, safe, and productive option for the control of these pathogens is the use of
BCAs. BCAs include the number of microbial genera from rhizosphere including
PGPR. Consequently, to improve biocontrol strategies by manipulating soil envi-
ronment, the study of mechanism of biocontrol of plants diseases through the inter-
action between BCAs and pathogens is the key to create successful biocontrol
conditions (Fravel 1998). The biocontrol of plant disease includes the secretion of
microbial metabolite which controls the diseases by acting on or by inhibiting the
growth of phytopathogens.

Hydrolytic enzymes (chitinase, glucanase, protease, and cellulase) produced by
PGPR are responsible for the lysis of phytopathogens through hyperparasitism. The
antagonistic properties of hydrolytic enzymes against various phytopathogens play
a major role in biocontrol (Kim et al. 2003; Shaikh and Sayyed 2015). BCAs
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producing hydrolytic enzymes are used in biocontrol of phytopathogens thereby
improving plant growth. These attributes make PGPR an effective BCA (Garbeva
et al. 2004; Ran et al. 2005). The cell wall of most of the phytopathogenic fungi
(except oomycetes) is made up of chitin (Cy H;;05N),, which is an unbranched,
long-chain polymer of glucose derivatives, composed of -1,4-linked units of the
amino sugar N-acetyl-D-glucosamine (NAG).

The biocontrol activity of BCAs/PGPR can be achieved through the following
mechanisms:

(a) Niche competition — this excludes the growth of phytopathogens from soil or
host tissue.

(b) Mycoparasitism — leading to the lysis of fungal pathogen.

(c) Production of antibiotics — that interfere with the metabolism of
phytopathogen.

(d) Production of hydrolytic enzymes — that degrade the cell wall of phytopatho-
gens (Sayyed et al. 2013).

9.5.1.1 Cell Wall Lysis

Hydrolytic enzymes are capable of breaking down glycosidic bonds in chitin. Thus,
they play a vital role in the biological control of many plant diseases by degrading
the cell walls of phytopathogens.

It affects fungal growth by its lytic action on cell walls, hyphal tips, and germ
tubes (Kim et al. 2003) and partial swelling in the hyphae and at the hyphal tip lead-
ing to hyphal curling or bursting of the hyphal tip (Fig. 9.2; Someya et al. 2000).
Among the huge population of hydrolytic enzymes, chitinase, glucanase, protease,
and cellulase are of major interest due to their ability to degrade and lyse fungal cell
wall, and thus hydrolytic enzymes are employed in biocontrol of fungal phytopatho-
gens (Mabood et al. 2014). Cell wall-degrading enzymes of rhizobacteria damage
the structural integrity of the cell wall of phytopathogen (Budi et al. 2000). Felse
and Panda (1999) reported the control of Sclerotium rolfsii and F. oxysporum
through the cell wall degradation on beans.

9.5.1.2 Mycoparasitism

The other concept regarding the inhibition of phytopathogens is mycoparasitism
that directly attacks which is defined as a direct attack on a fungal thallus leading to
its lysis (Chet et al. 1997). According to Barnett and Binder (1973), mycoparasites
play an important role in biocontrol. Mycoparasitism can be divided into two types:
necrotrophic and biotrophic. Necrotrophic mycoparasites are those that kill the host
cells before or just after invasion and use the released nutrients. These mycopara-
sites are more aggressive and destructive than biotrophs. They have a broad host
range and are relatively unspecialized in their mode of parasitism. The antagonistic
activity of necrotrophs is due to the production of antibiotics, toxins, or hydrolytic
enzymes (Manocha and Sahai 1993). In biotrophic parasitism, the development of
the parasite is favored by a living rather than a dead host structure (Chet et al. 1997).
Biotrophic mycoparasites have a more restricted host range and in many cases
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(c) Fungal cell wall losing integrity after hydrolysis
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Table 9.3 List of microorganisms showing hydrolytic activity

Microbes showing Target
No. | hydrolytic activity | Hyd. enz. produced phytopathogen References
1 S. marcescens Chitinase R. solani and F. Someya et al.
oxysporum (2000)

2 B. subtilis NPU Chitinase FE. oxysporum Chang et al.
001 (2010)

3 S. plymuthica C48 | Chitinase Botrytis cinerea Frankowski et al.

(2001)

4 Paenibacillus sp. B -1,3-glucanase F. oxysporum Singh et al.
strain 300 and (1999)
Streptomyces sp.
strain 385

5 Bacillus subtilis Cellulase - Li-Jung et al.
YJ1 (2010)

6 Cellulomonas sp. Cellulase - Muhammad
ASN2 et al. (2012)

7 Bacillus coagulans | Carboxymethyl - Odeniyi et al.
cellulase and (2009)
polygalacturonase

8 Bacillus cereus, Cellulase - Basavaraj et al.
Bacillus subtilis, (2014)
Bacillus
thuringiensis

9 P. aeruginosa Protease Macrophomina sp., Illakkiam et al.
PGPR2 Rhizoctonia sp., and | (2013)

Fusarium sp.

10 | Bacillus subtilis Alkaline protease - Adinarayana
PE-11 et al. (2003)

11 | Paenibacillus and - FE. oxysporum Compant et al.
Streptomyces (2005)

12 | B. cepacia - R. solani, P. ultimum,

and S. rolfsii
13 | P. fluorescens - E oxysporum Someya et al.

LRB3WI and S.
marcescens B2

(2007)

produce specialized structures (haustoria) to absorb nutrients from their host
(Manocha and Sahai 1993). Rhizobacteria capable of producing hydrolytic enzymes
and inhibiting phytopathogens are listed in Table 9.3.

9.5.2 Chitinases in Biocontrol of Phytopathogenic Fungi

Chitinase [EC 3.2.1.14] plays a vital role in the biocontrol of many plant diseases by
lysing fungal cell wall through degradation of chitin polymer present in the cell
walls of fungal phytopathogens. The enzyme can either be used directly in the
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biocontrol on microorganisms or indirectly by using purified proteins or through
manipulation of genes coding for chitinase (Kim et al. 2003). Chitinases have been
reported from various microorganisms, such as insects, crustaceans, yeasts, and
fungi, and also organisms that do not contain chitin, such as bacteria, higher plants,
and vertebrates (Kramer et al. 1997). Chitinase was isolated, purified, and charac-
terized in 1992 (Cruz et al. 1992). Chitinase produced by rhizobacteria exhibits
antagonism in vitro against fungi (Gay et al. 1992; Fridlender et al. 1993).
Schlumbaum et al. (1986) and Skujins et al. (1965) demonstrated the inhibition of
fungal growth by chitinases of Streptomycetes. The importance of chitinase activity
was further demonstrated by the loss of biocontrol efficacy in Serratia marcescens
chitinase mutants in which the chiA gene had been inactivated (Jones et al. 1986).
The potential BCAs can be produced by cloning chiA gene into rhizosphere compe-
tent model organisms. Oppenheim and Chet (1992) cloned the chiA gene of S. marc-
escens into E.coli for the control of S. rolfsii and R. solani and found E.coli to be
better in reducing disease incidence. Likewise the chitinase genes from S. marces-
cens were expressed in Pseudomonas and the plant symbiont Rhizobium meliloti to
control the pathogens F. oxysporum var. redolens and Gaeumannomyces graminis
var. tritici (Sundheim 1992). The antifungal activity of the transgenic Rhizobium
during symbiosis on alfalfa roots was verified by lysis of R. solani hyphal tips
treated with cell-free nodule extracts (Sitrit et al. 1993).

The fungal spp. Trichoderma and Gliocladium virens have been studied more
extensively (Cook 1993; Chet et al. 1997). Weindling (1932) reported the potential
of Trichoderma species as BCAs. The chitinase of 7. harzianum was used as a
means of biocontrol of phytopathogens such as Rhizoctonia solani (Chet and
Hornby 1990). Several species of Trichoderma have been tested as BCAs; among
them 7. harzianum was found to be more effective and can be used to control the
number of economically important soilborne phytopathogens (Chet 1987). Using
genetic modification technology, Lorito (1998) cloned the tobacco and potato with
gene encoding endochitinase from 7. harzianum (P1) and reported the high level
and broad spectrum of resistance against a number of phytopathogens.

9.5.2.1 Mode of Action of Chitinase

Chitinases are chitin-degrading enzymes which play an important role in biological
control and plant defense mechanisms against phytopathogens. Chitin is the second
most abundant polymer in nature, an unbranched homopolymer of 1,4-f-linked
N-acetyl-D-glucosamine (GlcNAc) after cellulose. It is abundant as a structural
polymer in most fungi and insects, including those that are agricultural pests
(Havukkala 1991).

On the basis of mode of action, chitinase is divided into three types:

(A) B-1,4-N-acetyl-glucosaminidases (EC 3.2.1.30) split the chitin polymer into
GlcNAc monomers in an exo-type pattern.

(B) Endochitinases (EC 3.2.1.14) cleave randomly at internal sites over the entire
length of the chitin microfibril.
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(C) Exochitinases (EC 3.2.1.14) catalyze the progressive release of diacetylchito-
biose in a stepwise manner such that no monosaccharides or oligosaccharides
are formed (Fig. 9.3) (Harman et al. 1993; Manocha and Sahai 1993).

An extracellular chitinase of Myrothecium verrucaria inhibits germination and
germ tube elongation of the groundnut rust fungus Puccinia arachidis. Similarly,
Acremonium obclavatum produces and secretes a chitinase in vitro which inhibits
germination of uredospores of the peanut rust (Manocha and Balasubramanian
1994).

9.5.2.2 Molecular Characterization of Chitinase

Cruz et al. (1992) reported the purification and characterization of three chitinases
from T. harzianum; the isozymes’ mol. wt. were 37, 33, and 42 kDa, respectively.
Only the purified 42 kDa chitinase hydrolyzed B. cinerea purified cell walls in vitro,
but this effect was heightened in the presence of either of the other two isoenzymes.
According to Haran et al. (1995), the chitinolytic system of 7. harzianum was more
complex, consisting of six distinct enzymes. The system is apparently composed of
two B-(1,4)-N-acetylglucosaminidases of 102 and 73 kDa, respectively, and four
endochitinases of 52, 42, 33, and 31 kDa, respectively. Among these, the 42 kDa
endochitinase was found more effective because of its ability to hydrolyze B. cine-
rea cell walls in vitro. The 1,4-p-N-acetyl-glucosaminidases of 72 kDa have been
purified from 7. harzianum strain (Lorito et al. 1994). Haran et al. (1995) reported
the chitinase isolated from respective 7. harzianum had different molecular weights:
73 kDa heat-stable glucosaminidase (CHIT 73), isolated from 7. harzianum strain
TM, an endochitinase of 52 kDa (CHIT 52), an endochitinase of 42 kDa
(CHIT 42), the endochitinases produced by the other strains of 7. harzianum which
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are of 33 kDa (CHIT 33) and 31 kDa (CHIT 31), and two endochitinases, having
molecular weights of 37 kDa and 33 kDa, which were expressed by 7. harzianum
strain CECT 2413.

9.5.3 Proteases in Biocontrol of Phytopathogenic Fungi

Proteases [E.C. 3.4.24] play a significant role in cell wall lysis of phytopathogenic
fungi, since chitin and/or fibrils of B-glucan are embedded into the protein matrix.
Thus proteolytic activity is prerequisite to lyse whole fungal cells (Elad and Kapat
1999). Proteases are wide spread in nature; microbes are the preferred source of
these enzymes due to their fast growth and easy cultivation and the ease in genetic
manipulation to get the enzyme with desired properties for specific applications
(Anwar and Saleemuddin 1998; Beg and Gupta 2003). Bacillus sp. produces extra-
cellular proteases; several Bacillus species like Bacillus cereus, Bacillus stearother-
mophilus, Bacillus mojavensis, Bacillus megaterium, and Bacillus subtilis are
known to produce protease (Sookkheo et al. 2000; Beg and Gupta 2003; Banik and
Prakash 2004; Gerze et al. 2005). Bacterial proteases are generally extracellular,
easily produced in greater amounts, and active under various environmental
conditions.

Proteases purified from Bacillus have significant activity, stability, broad sub-
strate specificity, short period of fermentation, simple downstream purification, and
low-cost production process (Maurer 2004; Haddar et al. 2009). Extracellular pro-
teases of Trichoderma sp. also play a significant role in the lysis of cell walls of
phytopathogenic fungi. Some of the proteases produced by Trichoderma sp. are
involved in inactivating extracellular enzymes of phytopathogenic fungi (Elad and
Kapat 1999). The protease enzymes break down major proteins into peptide chains
and/or their constituent amino acids of phytopathogens and thereby destroy their
capacity to act on plant cells.

9.5.3.1 Mode of Action of Protease

Proteins are degraded by a hydrolysis that involves cutting of one or more peptide
bonds by addition of water to liberate peptide or amino acids. Enzymes that hydro-
lyze the proteins are called proteases. Each protease recognizes the chemical struc-
tures of certain specific amino acids and then catalyzes the breaking of the peptide
bond (Fig. 9.4).

9.5.3.2 Molecular Characteristics of Protease

The recent studies by Asker et al. (2013) reported the molecular weight of the puri-
fied proteases P1 and P2 as 28 and 25 kDa, respectively. The purified P1 and P2
were rich in aspartic acid and serine and relatively have higher amounts of alanine,
leucine, glycine, valine, threonine valine, and glutamic acid. Gessesse et al. (2003)
purified an alkaline protease of 24 kDa from Bacillus pseudofirmus AL-89.
Adinarayana et al. (2003) purified an alkaline protease of 15 kDa from B. subtilis
PE-11. A halotolerant alkaline protease of 28 kDa was purified from Bacillus
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clausii I-52 using a combination of Diaion HPA75, phenyl-Sepharose, and DEAE-
Sepharose column chromatography (Joo and Chang 2005). Gupta et al. (2005) puri-
fied an alkaline protease from B. pseudofirmus to tenfold purity with an 85% yield
using a single-step method with a phenyl-Sepharose 6 fast-flow column. The appar-
ent molecular weight of this protease was 29 kDa. Sareen and Mishra (2008) puri-
fied a 55 kDa alkaline protease from Bacillus licheniformis RSP-09-37.

9.5.4 Cellulase in Biocontrol of Phytopathogenic Fungi

Cellulases [EC 3.2.1.4] catalyze the hydrolysis of 1,4-B-D-glycosidic linkages in
cellulose and play a significant role in nature by recycling this polysaccharide.
Cellulose is a linear polymer of B-D-glucose units linked through 1,4-p-linkages
with a degree of polymerization ranging from 2,000 to 25,000 (Kuhad et al. 1997).
Cellulose chains form numerous intra- and intermolecular hydrogen bonds, which
account for the formation of rigid, insoluble, crystalline microfibrils. Cellulose is
structurally heterogeneous having both amorphous and crystalline regions.
Resistance to microbial degradation depends on the degree of crystallinity, and
highly crystalline regions are more resistant to enzymatic hydrolysis. Cellulases
belong to a class of enzymes that catalyze the hydrolysis of cellulose and are pro-
duced chiefly by fungi, bacteria, and protozoa as well as other organisms like plants
and animals. The cellulolytic enzymes are inducible since they can be synthesized
by microorganisms during their growth on cellulosic materials (Lee and Koo 2001).

9.5.4.1 Mode of Action of Cellulase
Complete degradation of cellulose involves a complex interaction between different
cellulolytic enzymes. It has been widely accepted that three types of enzymes
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including cellulose/endoglucanases [EC 3.2.1.4], exo-cellobiohydrolase/exo-
glucanases [EC 3.2.1.91], and B-glucosidases [EC 3.2.1.21] act synergistically to
convert cellulose into B-glucose (Lynd et al. 2002). Cellulases are a mixture of
endo-1,4-pf-glucanase enzymes and exo-1,4-B-glucanase enzymes. Endo-1,4-p-
glucanase cleaves the internal bonds, while exo-1,4-p-glucanase cleaves two to four
units from the ends of cellulose strands and cellobiase, which cleaves the disaccha-
ride cellobiose into two glucose moieties (Fig. 9.5).

9.5.4.2 Molecular Characterization of Cellulase

Hurst et al. (1977) reported the cellulase of molecular weight of 26,000 on the basis
of amino acid composition and PAGE analysis. Carboxymethyl cellulase produced
by B. pumilus EB3 was having the range of a molecular weight from 30 to 65 kDa
(Ariffin et al. 2006). Li-Jung et al. (2010) reported the strain Bacillus subtilis YJ1
producing cellulase; they purified and characterized cellulase, having a molecular
mass of 32.5 kDa.

9.5.5 Glucanases in Biocontrol of Phytopathogenic Fungi

f-1,3-Glucanases [EC 3.1.1.6] are widely spread in bacteria, fungi, and higher plants
(Simmons 1994). This enzyme has interesting and important physiological roles and
practical applications in the degradation of cell wall in fungi, yeasts, and higher
plants (Pang et al. 2004). These enzymes are classified as either exo- or endo-p-1,3-
glucanases (p-1,3-glucan glucanohydrolase). Fridlender et al. (1993) reported the
hydrolytic inhibition of Rhizoctonia solani, Sclerotium rolfsii, and Pythium ultimum
by B-1,3-glucanases of Bacillus cepacia. Singh et al. (1999) reported two strains of
Paenibacillus and Streptomyces sp. which produce p-1,3-glucanases that inhibited
the growth of F. oxysporum. Vazquez et al. (1998) reported the seven p-1,3-
glucanases produced by T. harzianum strain under diverse growth conditions.

9.5.5.1 Mode of Action of Glucanase

B-1,3(1,6)-Glucans are major components in cell wall of yeasts and fungi. The cell
wall polysaccharide glucan is consisted of predominantly fp-1,3-linked backbone
having some branches via f-1,6-linkages, 4,6,8,9. Glucanase causes degradation of
cell wall and further penetration into the host mycelium (Fridlender et al. 1993).
These enzymes can hydrolyze the substrate by two possible mechanisms: (a) exo-
1,3-glucanases (EC 3.2.1.58) hydrolyze the substrate by sequentially cleaving glu-
cose residues from the nonreducing end and (b) endo-1,3-glucanases (EC3.2.1.39)
cleave linkages at random sites along the polysaccharide chain, releasing smaller
oligosaccharides (Noronha and Ulhoa 1996).

9.5.5.2 Molecular Characteristics of Glucanase

Cruz et al. (1992) and Noronha and Ulhoa (1996) have reported two 1,3-glucanases
having molecular weights of 78 and 36 kDa, respectively, purified from the super-
natants of 7. harzianum grown in minimal medium, supplemented with chitin as
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carbon source. The characterization of these enzymes revealed that they are endo-
1,3-glucanases, as confirmed by the production of oligosaccharides rather than glu-
cose from the laminarin. Noronha and Ulhoa (2000) purified and characterized the
29 kDa extracellular-1,3-glucanase produced by 7. harzianum, grown on chitin-
containing medium. Maria et al. (2003) report the two purified 83.1 kDa extracel-
lular exo-B-1, 3-glucanases produced by 7. asperellum.

9.6 Conclusion

In concern with the current scenario toward chemical pesticides and fertilizers, and
their huge consumption, there is a prominence/focus on utilization of microbial
inoculants and organic inputs for its application in agricultural field. Hence, the
potential of rhizobacteria in crop protection by producing different defensive anti-
fungal metabolites like antibiotics, hydrolytic enzymes, and other metabolites is
hoped to provide sustainable and eco-friendly plant disease control. Application of
these rhizobacteria in agricultural field in the form of formulated product will give
the greener and eco-friendly approach for the sustainable agriculture to combat the
fungal diseases. Application of efficient rhizobacterial strain secreting various
hydrolytic enzymes will help to reduce the liberal use and doses of agrochemicals
which is the most important prospect in rhizobacterial/PGPR research. Commercial
production of these organisms will have sustained release of antifungal metabolites
in the environment, and these metabolites do not develop the resistance to target
organism as in chemical pesticides.

Application of single or consortium of these organisms has shown the promising
prospect in the field of biocontrol and plant growth promotion. These microbes can
successfully utilize their potential for agricultural integrated plant disease manage-
ment (IPDM) strategies. Study of hydrolytic enzymes of rhizobacteria will help in
manipulating the bacterial community with biological control and plant growth pro-
motion ability in rhizospheric zone of different sites. So these rhizobacteria will be
the key determinant in plant health and productivity with sustainability.
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Role of Quorum Sensing Signals 1 0
of Rhizobacteria for Plant Growth
Promotion

Anton Hartmann and Michael Rothballer

Abstract

Signaling events between rhizosphere microbes and plants substantially contribute to
establish different qualities of microbe-plant interactions from beneficial cooperativity
to pathogenicity. In addition to the pathogen-associated molecular patterns (PAMPs),
like exo- and lipopolysaccharides or flagellins, which are effectively recognized by the
plants’ innate immune system, various secondary metabolites, such as antibiotics or
the so-called autoinducers involved in the quorum sensing response of bacteria, are
additional modulators of plants’ perception of associated microbes. In Gram-negative
bacteria, N-acyl homoserine lactones (AHLSs) are the major quorum sensing autoin-
ducing molecules, which have a central role in the differentiation of specific pheno-
types of sessile cells, living in root-attached microcolonies or biofilm consortia. AHLs
turned out to have profound effects on plant development and/or defense priming and
development of systemic resistance against pathogens. AHLs have different structural
modifications (e.g., short or long hydrocarbon chain residues). While the hydrophilic
ones can be taken up by plants, the lipophilic stay in the roots. Different modes of plant
growth promotion by these AHL types in various plants are summarized in this chap-
ter. We hypothesize, that in the absence of pathogenic patterns, AHLs support a
beneficial to symbiotic interaction with plants. In cases when plant pathogens use
AHL: for virulence development, AHLs reinforce plant’s defense. Alternatively, AHL
degradation activities of certain rhizosphere bacteria can be used to suppress the
pathogenic attack. To foster beneficial interactions of rhizotrophs with plants, consor-
tia of bacteria using the same autoinducers could be developed.
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10.1 Introduction

The plant microbiome — the community of microbes, associated with plant surfaces
and tissues — is currently in the focus of plant biotechnology, since molecular char-
acterization technologies, so-called omic approaches, are providing almost unbiased
insights into the diversity in the community structure and its activities (Turner et al.
2013). Plant-colonizing microbes exert great influences on plant health and develop-
ment. This had been already recognized more than hundred years ago by the pioneers
of rhizosphere microbiology like Lorenz Hiltner (Hartmann et al. 2008). Since the
genetic capacity of the microbes associated with all higher organisms is by far higher
than and complementary to the hosts’ genetic repertoire, the importance of prokary-
ote-eukaryote interactions has led to the metagenome or holobiont view of higher
organisms and their associated microbiomes (Zilber-Rosenberg and Rosenberg
2008). The hypothesis was created that these assemblages/symbioses are the true,
evolutionary superior life strategies for accommodating with rapidly changing and
challenging environmental conditions. There is much to discover regarding prokary-
otic diversity and their function within the plant microbiome, since many microbes
are difficult to isolate and to grow in pure culture. Microbe-plant interactions cover a
wide spectrum, from pathogenic to beneficial and even symbiotic interactions in
plant and animal/human hosts (Berg et al. 2005; Mendes et al. 2013). Plant growth
promotion by rhizosphere-associated, root-colonizing microbes is a well-docu-
mented phenomenon (Dessaux et al. 2010). It can be considered as a symbiotic and
synergistic microbe-plant interaction, although no particular symbiotic organs are
visible. Benefits of these associations can be observed particularly when the plant is
challenged by limiting nutrient supply, by abiotic stresses like hypersaline conditions
or lack of water, or when attacked by pathogens (Raaijmakers et al. 2009).

While the discovery and description of the microbial diversity within the plant
microbiome has made substantial progress, only comparably little details are under-
stood about signaling mechanisms involved in microbe-host interactions. Several
groups of signaling molecules are known, like a multitude of bacterial volatile sub-
stances (Ryu 2015) or bacterial-synthesized phytohormones (Spaepen 2015). The
autoinducing small molecules (N-acyl-L-homoserine lactones; Fig. 10.1) of the
quorum sensing response in Gram-negative bacteria are only recently discovered
signals between bacteria and plants. They are in the focus of this chapter.

10.2 Bacteria as Social Organisms

Bacteria rarely live as a single dispersed organism; mostly they live in communities
and colonize surfaces. The ability of bacterial populations to form biofilms is often
under the quorum sensing (QS) control. Quorum sensing describes the phenomenon
that bacteria produce and perceive signal molecules to coordinate their behavior in
a population-dependent manner; thus QS is considered a social trait (Parsek and
Greenberg 2005). Biofilm formation is essential to colonize surfaces of minerals
and higher organisms, such as roots of plants. Biofilms are highly structured in
which the metabolic activities are distributed between the different bacteria of the
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N-acyl homoserine lactones

General formula: N-C,oyl-L-HSL (n= 4-14)

example:
N-hexanoyl-L-HSL C6-HSL
N-3-oxo-hexanoyl-L-HSL Oxo-C6-HSL

N-3-hydroxy-hexanoyl-L-HSL OH-C6-HSL

Fig.10.1 Structure of N-acyl homoserine lactones (AHLs), the autoinducer molecule of the quo-
rum sensing (QS) response in many Gram-negative bacteria. HSL homoserine lactone residue, R
acyl chain residue, ranging from 4 to 14 carbon atoms. Further variations: hydroxyl group or car-
bonyl group at C3-atom and/or double bond in the acyl chain R

consortium. This requires a high degree of coordination and is quite similar to the
situation in multicellular organisms. In bacteria, several types of autoinducers (Als)
are known. While in Gram-negative bacteria, frequently N-acyl-L-homoserine lac-
tones (AHL) and occasionally 4-hydroxyl 2-alkyl quinolones (HAQ) are found;
Gram-positive bacteria mainly use cyclic oligopeptides. A furanon derivative,
borate complex (the so-called AI-2), seems to act as a more general Al in a variety
of Gram-negative and Gram-positive bacteria. In addition, other molecules with
unknown structures might be involved in unidentified QS systems. Usually, the sig-
naling molecules are produced in an autoinducing process: it consists of a very low
constitutive biosynthesis and release of the autoinducer (Al) and a receptor protein
(R), which senses the overall concentration of the AI within the cells. Beyond a
certain threshold level of Al, the AI/R complex binds to the promoter of the biosyn-
thesis gene I, which is then greatly stimulated; also other AI/R-regulated promoters
are activated. This regulatory cascade finally leads to the expression of a whole set
of genes and operons depending on the QS activation which drastically alters the
overall behavior of the population.

The QS mechanism of Gram-negative bacteria using N-acyl homoserine lactones
(AHLs) is established since some time (Fuqua and Greenberg 2002), and until now
more than 200 species are known to produce different AHLs (Kimura 2014). However,
there are bacteria which do not produce AHLs but harbor so-called LuxR solos (Patel
et al. 2013). It could be demonstrated that these receptors evolved in some cases to
respond to different molecules including signals from plant origin (Patel et al. 2013).
N-Acyl-L-homoserine lactones are known to have a wide variety of chemical struc-
tures (Fig. 10.1). They can carry a hydroxy- or oxo-function at the C3 atom of the
hydrocarbon side chain and occur as quite hydrophilic molecules with a length of the
CH chain from C4-, C6-, and C8-HSLs (hydrophilic) to C12- and C14-HSLs (hydro-
phobic). QS regulation is of high ecophysiological and evoluti