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ABSTRACT 

Peanut (Arachis hypogaea) is an important legume crop currently grown in West 

Texas and obtains much of its nitrogen through a symbiotic relationship with compatible 

Bradyrhizobium strains. However, West Texas soils may not contain the specific 

bradyrhizobial strain required and, therefore, inoculation is essential. The success of 

inoculation is often limited by several factors, including high sandy soils, and high soil 

temperature commonly found in West Texas. The goal of this research was to determine 

if these environmental conditions have an effect on the survivability of bradyrhizobial 

inoculants and the ability of inoculants to infect peanut plants under these conditions. 

Three commercial bradyrhizobia inoculants were tested for their ability to survive at 

temperatures 30°, 37°, and 40°C and pHs 6, 7, and 8 in laboratory cuhure. The 

inoculants were differentially affected in their ability to survive the higher temperature 

regimes. Experiments were also conducted to determine the effect of high root 

temperature on nodulation of peanut. One peanut variety (Flavor Runner 458) was 

inoculated and exposed to diumal temperatures of 25°C/10°C and 40°C/25°C. 

Nodulation was strongly affected by the high temperature regime, while pHs tested did 

not significantly influence inoculant effectiveness. Resuhs have practical implications 

for West Texas peanut farmers who plant into hot, dry soil even if fields are irrigated 

within 24 hours. 
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CHAPTER I 

INTRODUCTION 

The cuhivated peanut (Arachis hypogaea) is one of the worid's most important 

legume crops and is primarily grown in tropical and subtropical areas, h is currently 

grown in West Texas with an annual statewide planted acreage of 320,000 to 370,000 

acres (Lemon 2000). The peanut plant can obtain much of its nitrogen requirement 

through symbiotic N2 fixation when grown in association with effective and compatible 

Bradyrhizobium strains (van Rhijn and Vanderleyden 1995). The multi-step symbiotic 

process between rhizobia and leguminous plants, under nitrogen limitation, leads to the 

development of N2-fixing nodules that are formed on the roots (Schultze and Kondorosi 

1998). These unique structures are agronomically significant, as they provide an 

altemative to the use of energy expensive ammonium fertihzer (Fisher and Long 1992; 

Sessitsch et al. 2002). However, the degree of host specificity varies among the rhizobia 

(Table 1). Some strains have a very narrow host range, for example Rhizobium 

leguminosarum bv. trifolii, which only nodulates clover, while other strains have a very 

broad host range such as Rhizobium sp. Strain NGR234, which is capable of nodulating 

a variety of tropical legumes (van Rhijn and Vanderleyden 1995). The symbiotic 

relationship is quite complex and may be plant regulated by a receptor kinase that 

initiates a signal cascade leading to nodulation (Endre et al. 2002). 

The growth and development of bacterial and plant cells must be a coordinated 

effort, involving an array of signaling events between the partners. The type of infection. 



as well as the nodule structural and developmental characteristics, are specified by the 

plant and not by the rhizobial sfrain, indicating that the host possesses the genetic 

information for symbiotic infection and nodulation and that the role of bacteria is to turn 

on this program with specific signals (Denarie et al. 1996). The first signals in the 

formation of the symbiosis are flavonoid molecules exuded by the seeds and roots of the 

Table 1. Rhizobium-plant associations 
Bacterium Host Plant(s) 
Rhizobium meliloti Medicago, l^elilotus spp. 
Rhizobium leguminosarum 

bv. viciae Pisum, Vicia, and Lens spp. 
bv. trifolii Trifolium spp. 

bv. phaseoli Phaseolus vulgaris 
Rhizobium lot! Lotus spp. 
Rhizobium ciceri Cicer arietinum 
Rhizobium tropic! Phaseolus vulgaris, Leucaena spp. 
Rhizobium sp. Strain NGR234 Tropical legumes, 

Parasponia spp. (nonlegume) 
Bradyrhizobium japonicum Glycine max, G. soja 
Bradyrhizobium elkanii Glycine max, G. soja 
Bradyrhizobium sp. Arachis hypogaea (peanut) 
Modified from van Rhijn and Vanderieyden (1995). 

leguminous host plants (Figure 1). Flavonoids are products of branched pathways 

originating from the central phenylpropanoid pathway (Fisher and Long 1992; Jain and 

Nainawatee 2002). Different plants secrete different flavonoid inducers (Fisher and Long 

1992; Denarie et al. 1996), and a single plant may make different inducers at different 

times during development (Fisher and Long 1992). Rhizobia respond by positive 

chemotaxis to plant root flavonoids which results in the expression of bacterial 

nodulation (nod) genes (Fisher and Long 1992; Denarie et al. 1996; Schultze and 

Kondorosi 1998; Jain and Nainawatee 2002). The nod genes have been characterized as 



either "common" such as nodABC or "host specific" such as nodH found in Rhizobium 

meliloti (Fisher and Long 1992). Induction of these genes leads to the production and 

secretion of return signals, the Nod factors (NFs): lipo-chitooligosaccharides (LCOs) 

(Peters et al. 1986; Freiberg et al. 1997; Schultze and Kondorosi 1998; Jain and 

Nainawatee 2002). Cenfral to the regulation of the nod genes is the presence of the 

regulatory protein NodD. The NodD protein binds to conserved DNA sequences 

upsfream of the nod operons called nod boxes 
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Figure 1. Process of symbiosis between rhizobia and legumes. 
(hosting.uaa.alaska.edu/mhines/biol450) 

http://hosting.uaa.alaska.edu/mhines/biol450


(van Rhijn and Vanderieyden 1995). In the presence of plant signals, the NodD protein 

activates nod gene expression (Loh and Stacey 2003). 

One of the major functions of NFs is to establish infection stmctures in the plant. 

Rhizobia access the plant by various mechanisms, such as through direct penetration of 

epidermal cells, through cracks in the epidermis generally caused by the emergence of 

lateral roots, or through the deformation of plant roots (Chandler 1978; Denarie et al. 

1996; Oldroyd 2001). Once the bacteria attach to the root hair the root hair undergoes 

deformation, caused by alterations in the calcium gradient (Cardenas et al. 2000; Oldroyd 

2001), leading to entrapment and invasion of the rhizobia. At this point infection threads 

are initiated allowing bacterial movement into the root cortex. Once inside the infected 

cortical cell, the bacteria differentiate into specialized cells called bacteroids which are 

enclosed within the peribacteroid membrane. This membrane controls the nutrient flow 

of malate and succinate, as well as the iron, molybdenum, and sulftar required for 

nitiogenase fiinction. Nitrogen fixation can only be carried out by these specialized cells. 

Recently, it has been shown there is a complex amino acid cycle in which the plant 

provides amino acids to the bacteroid, enabling them to shut down their ammonium 

assimilation (Lodwig et al. 2003). hi retura, bacteroids cycle amino acids back to the 

plant for asparagine synthesis providing a mechanism for export of fixed nitrogen from 

the bacteroid to the plant (Lodwig and Poole 2003; Lodwig et al. 2003). A precise and 

continued exchange of these molecular signals is necessary for nitrogen fixation 

(Freiberg et al. 1997). 



Despite the recognized benefits of rhizobia and legumes, the effective use of 

these partners is constrained by many factors in agricultural situations (Phillips 1999). 

For example, high soil temperature, soil pH and limited availability of water often sfress 

agricultural plants and indigenous rhizobia. Soils in West Texas typically contain very 

low numbers of rhizobia or may not contain the specific bradyrhizobia required to 

establish an effective association with peanut. Therefore, inoculation with these bacteria 

is widely practiced to ensure that a large and effective bradyrhizobial population is 

available in the rhizosphere of the plant. However, yield and nodulation of peanut 

continue to be low (Lemon 2000). The success of inoculation is often limited by several 

factors, including environmental conditions, the number of infective cells applied, the 

presence of other competing soil microorganisms, the misapplication of commercial 

inoculants and the inoculant quality (Maier and Triplett 1996; Vlassak and Vanderleyden 

1997; Kyei-Boahen et al. 2002). The survival of inoculant strains and their performance 

in improving legume productivity will, in part, be determined by their ability to access 

mineral nutrients from the soil, rhizosphere and host plant root (O'Hara 2001). 

Effective inoculants may consist of a single strain or multiple strains. The extent 

to which an inoculant strain or strains will occupy nodules on the host depends upon the 

size of the inoculum applied and the number of indigenous bradyrhizobia capable of 

nodulating that host. Field experience has shown that for maximum effectiveness the 

inoculant should provide up to 1 million rhizobia on large seed, such as soybean 

(Brockwell and Bottomley 1995). ft has also been suggested that to ensure the 

production of 50% of the nodules formed, the inoculant strain should be applied at 1000 



times the level of the indigenous population (Vlassak and Vanderieyden 1997). hi the 

case of West Texas where the soils may be devoid of strains suitable for nodulation. the 

introduced strains need the capacity to establish themselves in the soil and host 

rhizosphere. For this to occur introduced sfrains not only have to be efficient on the host 

plant, but survive within three major environments: storage for up to a year or more, 

desiccation during application and inoculation, and the soil, hi studies by Maurice et al. 

(2001) with commercial hquid inoculants, B. japonicum remained viable and remained 

able to nodulate soybean after 8 years of storage. However, they also demonstrated cells 

from old inoculants needed more time to divide and produce visible colonies indicating 

they would probably be unable to grow in soil where nutrients are scarce. 

Numerous studies have been performed evaluating the quality of commercial 

inoculants (Gomez et al. 1997; Phillips 1999; Maurice et al. 2001). The resuUs suggest 

that a substantial proportion of the inoculants examined appear unsatisfactory for farmer 

use because of low populations of rhizobia or high numbers of microbial contaminants. 

In recent years, this issue has been addressed with use of sterile containers and increased 

concern over pure cultures. There have also been efforts to enhance the productivity of 

legume nodule bacteria either by mutation or genetic engineering (Maier and Triplett 

1996). Peanut yields, for example, have been increased through the use of different 

strains by altering the inoculant formulation (Reddy et al. 1981). 

The introduction and persistence of a strain or strains is affected by a number of 

abiotic factors including high soil temperature and soil pH. Populations of 

Bradyrhizobium species vary in their tolerance to these stresses. High soil temperatures 



are a: major problem for nitrogen fixation of many legume crops. High soil temperatures 

have been shown to strongly affect bacterial infection and nitrogen fixation in several 

legume species, including soybean, clover, pea, peanut, and beans (Michiels et al. 1994). 

Soil temperatures of 30-35°C are likely to interfere with the development and function of 

root nodules, rhizobial activity, and may constitute a significant constraint to eariy 

growth of legumes in the southern states of the U.S. (La Favre and Eaglesham 1986). 

The critical temperatures for N2 fixation for peanut, range between 35°C and 40°C. The 

maximum survival temperature reported for Bradyrhizobia japonicum ranged from 

33.7 C to 48.7°C (Kulkami et al. 2000). In previous studies with peanut, several strains 

ofbradyrhizobia were inhibited by high root temperatures (Brockwell et al. 1995) and 

nodulation was greatly diminished or nodule function reduced (La Favre and Eaglesham 

1986; Kishinevsky et al. 1992). ft was also shown the peanut - brayrhizobia symbiosis is 

completely inhibited by root temperatures of 40°C due to both the failure of nodulation 

and the inability of the nodules to function at this temperature even when they are formed 

(Kishinevsky et al. 1992). They also found a continuous root temperature of 37°C 

reduced nodule function, nitrogen fixation and plant growth. In West Texas, air 

temperatures at planting often exceed 33°C, and bore-soil surface temperatures may 

exceed 55°C, thus detrimental effects may be seen not only on the survival of introduced 

bradyrhizobia inoculant, but also on the nodulation process. 

In addition to high soil temperature, soil pH also has an effect on legumes and 

bradyrhizobia. Soil acidity is a significant problem facing agricultural production in 

many parts of the world and is perhaps the best understood abiotic sfress on rhizobia. 



Numerous studies report reduced nitrogen fixation, limited survival, and reduced 

nodulation in acid soils (O'Hara and Glenn 1994; Ibekwe et al. 1997; Taurian et al. 1998). 

Also, low pH effects the production and excretion of Nod metabohtes (O'Hara 2001). 

Most leguminous plants, including peanut, prefer a neutial or slightly acidic soil for 

growth (Zahran 1999). The pH sensitive stage in nodulation occurs early in the infection 

process and attachment to root hairs is one of the stages affected by acidic conditions. 

The combination of pH shock resulting from the fransfer from a rich to a minimal 

medium, which stimulates the situation of inoculants applied to acid soils, resulted in 

total cell death in the case ofR. meliloti (Vlassak and Vanderleyden 1997). Studies have 

shown that in acid soils the rhizobial population is often small and ineffective (Taurian et 

al. 1998). In addition, acidity can also drastically change the host plant's "preference" 

for a particular strain of rhizobia (Munns 1985). 

West Texas soils appear to be less favorable for effective inoculation. These soils 

have a pH between 7.3 -8.3. Bradyrhizobial survival and activity also diminished by 

coarse sandy soils and soil drying after planting. The most favorable soil pH for the 

growth of rhizobia appears to be in the range of neutral to slightly acidic. As for acidic 

soils, alkaline soils may also have negative effects on the survival of introduced 

bradyrhizobia. There have been few studies performed evaluating the effect of high pH 

on the rhizobia-legume symbiosis (Yadav and Vyas 1971; Botsford 1983). Both of these 

studies indicate pH of up to 10 does not have an effect on the survival of rhizobia; 

however, the growth rate was affected. 



Few studies have been performed on the effect of high soil temperature and high 

soil pH on peanut bradyrhizobia inoculants. However, from previous studies on high soil 

temperature and soil pH, it is reasonable to predict that West Texas soils have an 

inhibitory effect on bradyrhizobia inoculants and their ability to nodulate peanut under 

these environmental conditions. West Texas field studies performed by Dr. Calvin 

Trostle of Texas Cooperative Extension support this hypothesis (Personal 

communication). Observations suggest that 20-25% of peanut fields are undemodulated 

with many plants having less than 5 nodules per plant. Nodulation seems to be affected 

more in caliche soils where soil pH is near 8. Plants lacking sufficient nitrogen appear 

yellow in color and can be readily distinguished from healthier plants. Based on previous 

sttidies, these environmental factors may have an effect on the development of the 

peanut-bradyrhizobia symbiosis in West Texas. 

hi order to recommend appropriate practices, experiments were conducted to 

study the effects of pH and temperature on three commonly used peanut inoculants in 

West Texas. The objectives of this work were: 

1. Does pH, temperature or pH X temperature have an effect on selected peanut 
bradyrhizobia inoculants? 

2. Does high temperature or pH have an effect on the nodulation of peanut? 



CHAPTER II 

MATERIALS AND METHODS 

Plant and Inoculant 

Flavor Runner 458 peanut commonly planted in West Texas, was provided by 

Calvin Trostle, Texas Cooperative Extension, Lubbock, Texas. Seeds were treated with 

Vitavax® to prevent fungal disease. Three commercial peanut inoculants were obtained 

for use. These included FrozenPrep (A) (Urbana Labs, St. Joseph, MO), pH 5.7, liquid 

Lift inoculant (B) (Nitragin, hic, Milwaukee, WI), pH 6.7, and liquid HiStick L + N/T 

(C) (Becker Underwood, Saskatoon, SK), pH 6.1. FrozenPrep (A) was maintained at 

-80°C and the conventional liquid inoculants at 4°C as recommended by the suppliers. 

Before use, inoculant A was thawed at room temperature and liquid inoculants B and C 

thoroughly mixed, hiitial cell number was estimated by serial dilution and spread plate 

on Bradyrhizobium selective medium (BJSM). The selective media consisted of 

Arabinose - gluconate (AG) media (Sadowsky et al. 1987), which included a basal 

solution (HM) (Cole and Gerard 1973) containing (grams 1''): Na2HP04, 0.125; Na2S04, 

0.25; NH4CI, 0.32; MgS04- 7H2O, 0.18; FeCh, 0.004; CaCb 2H2O, 0.013; N-2-

hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 1.3; 2-(N-morpholino) 

ethane sulfonic acid (MES), 1.1 and supplemented with yeast extract (0.1%), L-arabinose 

(0.1%) and sodium gluconate (0.1%). The above media was then amended with 

(pg mf'): 1.0 Brilliant Green (BG), 500 Cycloheximide, 83 ZnCh and 88 C0CI2 (Tong 

10 



and Sadowsky 1994). The BG, heavy metals and cycloheximide were added to the sterile 

molten medium as filter-sterilized stocks. 

Soil and Treatments 

Two West Texas peanut field soils were collected, Brownfield loamy sand 

(loamy, mixed, superactive, thermic Arenic Aridic Paleustalf), Gaines County, Texas 

( pH 7.7) and Amarillo fine sandy loam (fine-loamy, mixed, superactive, thermic Aridic 

Paleustalf), Hockley County, Texas ( pH 7.3). The third soil was a Tifton sandy loam 

(fine-loamy, siliceous, thermic Plinthic Kandiudults) obtained from USDA-ARS National 

Peanut Research Lab, Dawson Georgia ( pH 6.1). These soils are the leading soils for 

peanut production acreage in Texas and Georgia. All soils were collected in field moist 

condition from the 0-15 cm depth and subsamples placed into plastic containers. Once 

collected subsamples were bulked into a single sample and thoroughly mixed and placed 

back into capped containers for storage under greenhouse conditions until used. Soils 

were stored approximately one month before experiments were started. Soils were 

analyzed for selected physical and chemical characteristics by the Texas A&M Univ. 

Texas Cooperative Extension. Soil, Plant, and Forage Analysis Lab, College Station, TX 

(Table 2). Miconutrients determined using extraction method of Lindsay and Norvell 

(1978). Nitrate by Nelson and Keeney (1982) and phosphoras, potassium, calcium, 

magnesium, sodium and sulfur by Hons et al. (1990). 

11 
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was 

In vitro Studies 

Tolerance ofbradyrhizobia towards temperature, pH and pH + temperature 

tested by growing the inoculant in 5.0 ml hquid Arabinose-gluconate (AG) media. The 

media was brought to pH 6, 7 and 8 before autoclaving and pH again measured after 

autoclaving. Media were inoculated with individual inoculants to a final cell 

concentration = 10̂  ml ' and incubated at 30°, 37° and 40°C. Viable cells were counted 

by removing samples (0.1ml) daily over a 5-day period in presence or absence of 

temperature and/or pH stress. Samples were plated on Bradyrhizobium selective medium 

(BJSM) following serial dilutions in sterile 0.85% NaCl and cultures grown at 30°C. 

For tests on solid media, pH and temperatures were the same as described for 

liquid cultures. Inoculants were diluted in 0.85% NaCl and spread plated onto BJSM at 

pH 6,7 and 8. Plates were incubated at each temperature for a period of 7-10 days. 

Plates with no growth were transferred from temperature stress (37°C and 40°C) 

treatment to 30°C for 10 days to determine capability ofbradyrhizobia inoculant to grow 

after removal of the stress. There was no survival reported for all inoculants. 

Bradyrhizobia inoculants were also exposed to diumally cycling temperatures of 

40°C/25°C and 25^0/10°C, referred to as 25(10) and 40(25), in a growth chamber. 

Maximum temperatures were held constant for 14 hrs and were reached within 1 hr. 

Experiments were performed twice with three replicates. 

13 



Survival of Bradyrhizobia in Soil 

Experiments were conducted to determine the ability of bradyrhizobia peanut 

inoculants to withstand pH and heat sfress in soil using a modified method of Trotman 

and Weaver (1995). Before inoculation with bradyrhizobia, 5g samples of each soil type 

were placed into test tubes and sterilized by autoclaving for Ihr over three consecutive 

days. Soil in each test tube was inoculated with bradyrhizobia peanut inoculant providing 

-5x10 cells g''soil. Controls were inoculated with sterile water. Soils were kept moist 

with sterile water. Test tubes were exposed to diumal temperatures as described above. 

Surviving populations were determined by plate counts on BJSM media at Id, 4d, lOd 

and 20d with initial number equal to cell number added. At each sampling time, soil in 

each test ttibe was added to 45 ml sterile AG media and shaken for 30 minutes. 

A 10-fold serial dilution series in 0.85% NaCl was performed and 100|Jl spread plated 

onto BJSM. Colonies were counted after 7-10 days incubation at 30°C. 

Plant Culture 

Samples of soil obtained from each site were placed into 1 gallon pots and 

acclimated for 5 days to diumal temperatures. After the acclimation period two pre-

germinated peanut seeds were planted in a sample of each soil. Each seed was inoculated 

7 8 1 

with 0.5ml of one of the three peanut inoculants supplying - 1 0 - 10 cells seed" . Each 

treatment was replicated 4 times. Control plants were inoculated with sterile water. 

Plants were watered as needed with distilled water for the duration of the experiment. 

Using two matched environmental chambers, plants were subjected to diumal air 

14 



temperatures of 25(10) and 40(25) during a 14-hr light period followed by 10-hr dark 

period. The photosynthetically active radiation (PAR) was approximately 450 pmol 

9 1 * 

m' s" . Light and air temperature changes were achieved within 1 hr. Thermometers 

were used to measure root temperatures. Plants were harvested 35 days after planting 

(DAP). Roots were rinsed in water and separated from the shoots for nodule counts. 

Shoots were placed into paper bags and dry weights determined after drjdng to constant 

weight in 60°C oven. Seeds placed in 40(25) did not grow initially; therefore, plants 

subjected to 40(25) treatment were first started at ambient temperature. After 

approximately 5 days seedlings were transferred to growth chambers and exposed to 

temperature freatment. 

Statistical Analysis 

Results were analyzed statistically by nested analysis of variance using the 

Statistical Analysis System (SAS) GLM Procedure computer package 8.2. hioculant, 

temperattire, and pH were treated as fixed effects, nested within experiment. The three 

pair-wise interaction terms were included. Three-way interaction was not significant and 

therefore, eliminated from the model. When analysis of variance showed significant 

treatment effects, comparisons were made at alpha = 0.05 level. 

15 



CHAPTER in 

RESULTS AND DISCUSSION 

In vitro Studies 

Temperature 

The differences in the ability of the inoculant strains to grow or survive in culture 

depended on whether the substrate was liquid or solid. Temperature of 30°C was used as 

a control temperature while temperatures 37°C and 40°C were chosen because West 

Texas daytime surface soil temperatures have been shown to be this high at the time of 

peanut planting at the one inch depth. Maximum survival reported for Bradyrhizobia 

japonicum by Munvar and Wollum (1982) ranged from 33.7°C to 48.7°C. However, 

none of the tested strains tolerated or survived high temperatures when grown on solid 

media (Table 3). When grown in liquid culture inoculant A survived at all temperatures, 

but showed no change in cell number (Figures 2, 3 and 4). hioculant B decreased in cell 

number at temperatures of 37°C and 40°C (Figures 3 and 4) except at 40°C where after 

24 hrs there was no detectable survival for the remainder of the experiment (Figure 2). 

Inoculant C was temperature sensitive at 37^0 and 40°C within 24 hours (Figures 2, 3, 

and 4). Overall, inoculants A and B showed more tolerance to temperatures tested. 

Differences of bradyrhizobial inculant survival on solid media and broth were also 

seen in experiments performed by Kishinevsky et al. (1992). They demonstrated that at 

40°C only 2 of the 4 strains tested could grow on solid media, but in liquid culture none 

of the strains grew at the same temperature. In studies by La Favre and Eaglesham 

16 



(1986), 12% of the bradyrhizobial strains tested could not survive temperatures of 37°C 

on agar. Further, of the 42 strains tested by Munevar and Wollum (1981) 20% could not 

survive at 38°C in broth culture. 

pH 

Effects of acidity on growth and survival of rhizobia have been reported using 

defined media, however the effects of alkaline conditions have been examined very httle. 

n was found that Rhizobium sp. NBRI0102 sesbania grew at 30°C at pH 8 and 9 

(Kulkami et al. 2000). In studies by Bhardwaj (1975), all sfrains tested did not survive 

at pH levels greater than 10.5. The above studies did not address the effect on 

bradyrhizobia and therefore, this study was performed to examine the effect of high pH 

on bradyrhizobia peanut inoculants. All inoculants tolerated pH's 6, 7, and 8 at 30°C 

(Figure 4). However, when the temperature was increased there was a large difference 

between hioculant C and the other two inoculants as shown in Figures 2, 3 and 4. 

hioculant C was most sensitive at all pH's when the temperature was 37°C and 40°C, 

except at pH 6 at 37°C where cell populations were reduced to non-detectable levels 

within 3 days (Figure 2). hioculant B was markedly more sensitive than inoculant A at all 

pH's when the temperature was 37°C or 40°C. hioculant B showed exfreme sensitivity to 

40°C at pH 6 with the culture not showing detectable levels within 1 day of the freatment 

(Figure 2). At the "control" temperature of 30°C, there was no difference in all three 

inoculants at pH 6 and 7 (Figures 2 and 3). However, at pH 8, inculants B and C 

appeared to be less tolerant (Figure 4). 
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Survival in Soil 

Most literature studies looked at low pH effects on bradyrhizobia growth and to 

our knowledge this is the first high pH study on peanut bradyrhizobia. Before the plant 

studies were performed the survival ofbradyrhizobia inoculants in three soil types was 

examined. The two diumal temperatures of 25(10) and 40(25) were chosen to represent 

typical seed zone soil temperatures at the time of peanut planting in April and May 

respectively for West Texas. Although the inoculants differed in degree of tolerance to 

pH and temperature when in hquid media, all three inoculants are sensitive to high 

temperatures when placed in soil. When incubated at 25(10) all three inoculants survived 

up to 20 days (Figure 5). At 40(25), hioculant A survived 4 days, but was not able to 

tolerate the high temperature after a 10 day incubation period (Figure 6). hioculants B 

and C did not survive after only 24 hours of exposure to the 40(25) temperature stress. 

Conttols without inoculation in all cases did not have growth mling out contamination 

issues. 

High temperature affects root hair infection, bacteroid differentiation and nodule 

stmcture, and the fiinctioning of the legume root nodule (Graham 1992). High 

temperature can also influence bradyrhizobia survival of inoculants during storage, and 

following soil apphcation, and limit both nodulation and nitrogen fixation. Results may 

vary with the strain used, the severity of the stress and the period for which it is imposed. 

Temperature studies have not always been relevant to the field situations; however, strain 

adaptation of high temperature has been reported (Graham 1992). Ten inoculant strains 

examined showed a gradual decline in population during 8 weeks incubation at 37°C, 



while exposure to 46°C was lethal to all strains in less than 2 weeks (Graham 1992). 

High soil temperatures also delay nodulation or restrict it to the subsurface region, where 

temperatures are not as extreme. Munns (1985) found that alfalfa plants maintained few 

nodules in the top 5 cm of soil, but were extensively nodulated below this depth. 

Plant Studies 

hi previous studies by Kremer and Peterson (1982), there was no clear link 

between the ability to survive high temperature and ability to nodulate under temperature 

stress, therefore the effects on peanut nodulation of two temperature regimes were 

examined using the three commercial bradyrhizobia peanut inoculants. Two independent 

experiments were performed and there was no significant differences found between the 

two experiments (Table 4). Significant differences in inoculant, pH, temperature, pH X 

temperature and inoculant X temperature on nodulation were found (Table 4). 

Insignificant differences were seen in inoculant X pH suggesting that the pHs tested did 

not significantly influence inoculant effectiveness. 

At the 25(10) temperature cycling regime, pH 7.3 and 7.7 were more effective at 

supporting nodulation compared to pH 6.1. This may be attributed to the higher nitrate 

content of the pH 6.1 soil compared to the other two soils as shown in Table 2. Even 

moderate amounts of nifrate in the soil have been shown to inhibit root nodulation and 

decrease flavonoid concentration in root exudates (Reddy et al. 1981). If adequate 

nitrogen can be found in the soil, it will replace symbiotic nitrogen fixation as the 

nitrogen source, hioculant A nodulated better at pH 6.1 and 7.3; however, at pH 7.7, 
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inoculant B was slightly better in terms of nodule number. At the 40(25) temperature 

cycling regime, nodulation capability was dramatically reduced with all inoculants 

compared to the 25(10) regime, hi spite of this, inoculant B showed consistently higher 

nodulation. Effectiveness at all pH's tested showed inoculant C to be the least effective. 

Overall elevated temperatures had a depressive effect on nodulation. Similar results of 

high temperature were seen in studies with soybean and cowpea (Kishinevsky et al. 

1992). Both studies found reduced nodulation and reduced plant growth. Observations 

that nodule number but not nodule mass were reduced indicates that the process of 

infection is possibly more adversely affected by high temperatures than the development 

of nodule mass. Even though there was a difference observed in nodulation between the 

two temperature regimes the plants were well nodulated compared to the controls. 

Inoculant A on average was more effective at temperature 25(10) and C was ineffective 

in nodule number observed. This could be due to the storage of all inoculants over a 

period of 6 months. Cell numbers indicated inoculants B and C decreased over time 

while inoculant A numbers remained constant (data not shown). This may have reduced 

the infectiveness of the cells. The ability oi Bradyrhizobium japonicum to survive 

desiccation and to induce nodule formation decreased significantly as storage length 

increased (Maurice 2001). hioculants stored for a long time grow more slowly and are 

likely to be in a slow metabolic state due to nutrient starvation. 

Plants under the temperature sfress regime showed a decrease in shoot weight for 

all pH's tested, including those plants inoculated with inoculant B. There was also no 

clear link between ability to survive high temperature incubation and ability to nodulate 
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under temperature stress. Inoculant C was not able to survive incubation temperatures of 

up to 40°C in in-vitro experiments, but was still able to nodulate under high temperatures. 

The fact that plant studies were performed under diumal cycles may account for 

differences seen. The results by Kishinevsky et.al (1992) demonstrated a continual root 

temperature of 40°C completely inhibited the peanut-bradyrhizobia symbiosis. The effect 

was due to both the failure of nodulation and inability of the nodules to function at this 

temperature. They also showed a continuous exposure of roots to a temperature of 37°C 

reduced nifrogen fixation and plant growth, which was due to reduced nodule function. 

Though nodule number was reduced at the higher temperature regime, h is clear nodules 

could form indicating that plant infection may take place during periods of lower 

temperature in the presence of surviving bradyrhizobia. 

ft may be concluded that peanut-bradyrhizobia symbiosis is affected by high root 

temperatures. The effect is due to failure of adequate nodulation and inability of the 

nodules to fiinction at this temperature as seen by reduced shoot weight. The symbiotic 

system seems to be comparable to those of other tropical and subtropical legumes in its 

sensitivity to root temperature. The sensitivity does not seem to be affected by the soil 

pHs we tested. At all pHs tested, there was no significant difference found between pH 

and inoculant. We were not able to find a clear correlation between sfrain tolerance to 

high temperature and the ability to nodulate under high temperature stress. Even though 

inoculants B and C showed a decrease in cell number in vitro, when incubated at high 

temperatures they still had the abihty to nodulate under temperature stress. Constraints to 

nodulation in West Texas of peanut most likely can be attributed to high soil 
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temperatures at the time of planting. If conditions are ideal, the peanut plant will show 

beginning root growth in about 60 hours. The soil experiments demonsfrated that after 

only 1 day the inoculants fell to undetectable levels with the exception of inoculant A, 

which took 4 days to reach undetectable levels. Our plant experiment showed adequate 

nodulation at all soil pH's tested at 25(10), indicating pH was not a factor. However, 

significant differences could be seen between the two temperature regimes on nodulation. 

At temperature 40(25), nodulation was decreased along with shoot weight. Our studies 

show high temperature rather than pH has a significant impact on bradyrhizobia peanut 

inoculant survival and the ability to nodulate adequately. This result has practical 

implications for peanut farmers who plant into hot, dry soil even if fields are irrigated 

within 24 hours. 
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Table 3. Ability of Bradyrhizobia sp to grow on AG agar at high temperatures. 

hioculant pH 30°C 3TC 40°C 25°C/10°C 40°C/25°C 
A 

B 

C 

6 
7 
8 

6 
7 
8 

6 
7 
8 

' Continous temperature 

+ 
+ 
-

+ 
-1-

-1-

-1-

-
-

-

-I-

+ 

-I-

+ 

-I-

-I-
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Figure 2. The effect of temperature at pH 6 on survival ofbradyrhizobia. 
hioculants grown in AG media and sampled at indicated times. Bactenal 
survival was determined in triplicate and the results are the means of two 
independent experiments. Bars represent SEM. 
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Figure 3. The effect of temperature at pH 7 on survival ofbradyrhizobia. 
hioculants grown in AG media and sampled at indicated times. Bacterial 
survival was determined in triplicate and the results are the means of two 
independent experiments. Bars represent SEM. 
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Figure 4 The effect of temperature at pH 8 on survival ofbradyrhizobia 
hioculants grown in AG media and sampled at indicated times. Bactenal 
survival was determined in triplicate and the results are the means of two 
independent experiments. Bars represent SEM. 
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ĴHI 

1 1 
UJ 

-i • 
UHI 

ri f 1 
UJ 

• 1 i I UBil 

1^ 

f 1 

• T ime 0 
• Day 1 
DDDay 4 
• Day 10 
D D a y 20 

•J^ 
6.1 7.3 7.7 

pH 

Figure 5. Survival ofbradyrhizobia in soil at temperature 25(10). 
hi three soil types Georgia (6.1), Hockley Co., TX (7.3), and 
Gaines Co., TX (7.7). The results are the means of two 
independent experiments with n = 3. Bars represent SEM. 
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Figure 6. Survival ofbradyrhizobia in soil at temperature 40(25). 
In three soil types Georgia (6.1), Hockley Co., TX (7.3), and 
Gaines Co., TX (7.7). The resuhs are the means of two 
independent experiments with n = 3. Bars represent SEM. 
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Table 4. The effects of temperature on nodulation of peanut. 

Temperature ] 
25(10) 

40(25) 

Inoculant 
A 
B 
C 

Control 

A 
B 
C 

Control 

A 
B 
C 

Control 

A 
B 
C 

Control 

A 
B 
c 

Control 

A 
B 
C 

Control 

F-test significance* 
Experiment 
Inoculant 

pH 
Temperature 
Inoculant x pH 
Inoculant x temp. 

p n A. LCllip. 

Soil pH 
6.1 

7.3 

7.7 

6.1 

7.3 

7.7 

DF 
1 
6 
4 
2 
12 
6 
4 

Nodules per plant Dry Shoot wt. (mg) 
21.6 
12.9 
12.1 
9.5 

47.5 
28.1 
34.4 
5.6 

36 
41.3 
24.2 
9.7 

3.9 
8.8 
3.3 
2 

7.5 
12.9 
1.7 
4.1 

5.7 
10.8 
3.9 
0.8 

F value 
0.05 
4.33 
2.93 
23.07 
1.73 
4.03 
6.15 

860 
551 
716 
510 

620 
584 
502 
548 

625 
693 
660 
773 

355 
302 
400 
234 

362 
324 
386 
546 

583 
466 
470 
449 

p value 
0.8171 
0.0004 
0.0224 
<.0001 
0.0645 
0.0008 
0.0001 

* Significant at the 0.05 level. 
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