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Preface

This booklet provides an introduction to the Micro‑Production Unit (MPU) for small​-scale production of legume inoculants. It is intended to be planning guide, and not an instructional manual.

The MPU system is flexible ‑‑ it can be used effectively under a wide range of conditions and with minimal investment. This booklet offers suggestions for facilities design and equipment options for a relatively sophisticated production enterprise. Actual requirements will vary with site, scale of production, and conditions in existing facilities.
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The Micro‑Production Unit

(MPU)

The use of inoculants containing rhizobia, a nitrogen‑fixing soil bacteria, is a proven biotechnology for enhancing legume production. In many areas, inoculants have substantially increased legume crop yields by maximizing the BNF process. NifTAL's goal is to make effective, low‑cost BNF technologies and products available to farmers in developing countries. NifTAL combines applied research, product development, training, technical assistance, and support of commercial enterprises to achieve this goal.

One NifTAL emphasis has been the development and delivery of appropriate technologies for the small‑scale production of rhizobial inoculants. The result of this effort is the Micro‑Production Unit (MPU). The MPU relies on two key components: the use of a sterile inoculant carrier such as peat, and the dilution of pure broth cultures of rhizobia. By integrating these components, cost‑efficient, decentralized, small‑scale commercial inoculant production is now possible.

Advantages of the MPU. There are several advantages to producing rhizobial inoculants with the MPU compared to conventional large‑scale commercial production methods. These include

* Initial investment costs are reduced. (See Table 1. Comparison of costs and operations time for sterile and non‑sterile production modes.)

* 
The number and size of fermentor vessels for culturing rhizobia are reduced with the dilution technique. (See Table 2. Fermentor capacities and operations time to meet production goals.) Diluting the broth culture increases potential production capability by the amount of the dilution factor.

* 
High quality inoculants can be produced by diluting broth cultures up to 1000 fold before mixing in sterile peat carrier. See Appendix for articles by Somasegaran for details.

* 
Production schedules are flexible. Producers can respond to demands for varying inoculant quantities and for a greater variety of specific inoculants.

* 
The use of a sterile carrier increases the shelf‑life of inoculants. Over time (6‑9 months), the quality of the sterile peat‑based inoculants will be higher than non‑sterile inoculants stored under similar conditions.

*
Storage of sterile peat‑based inoculants require less stringent


conditions. Refrigerated storage is not as critical for maintaining


inoculant quality.

*
The MPU can easily be established in rural locations close to legume


production areas, and as a result, distribution costs are reduced.

*
Increasing the production capacity of the MPU is easy and


inexpensive. (See Tables 1 and 2. See also Table 3 Potential


production capacities of sterile and non‑sterile production modes, and


Table 4. Time requirements for injecting peat bags.) Note : These


worksheets are interactive spreadsheets on computer. See Appendix


for further details.

*
Expanding the scale of production is easy and inexpensive.


Fermentors used for small‑scale operations will not become obsolete.


Low‑volume fermentors may be kept for the production of "custom"


inoculants, late requests, or "starter" cultures for larger fermentors.


Quality control procedures are simpler and more reliable. Because of


the sterile carrier, rapid, direct plating of inoculants will provide


accurate assessments of inoculant quality.

Conditions for Success. There are several conditions for successful inoculant production with the MPU systems.

*
The dilution technique requires a reliable source of sterile pre​


packaged peat. There are reliable international sources of this peat if


local sources are not available, but potential problems involving


importation, transport, and foreign exchange must be considered.

*
Some specialized equipment is needed, such as a sterilizable,


adjustable injection pump system that can deliver set volumes of


diluted cultured broth.

*
The system requires a means of sterilizing large quantities of water for


diluting the broth culture.


Sterile peat bags must be injected individually. Mixing large batches


of sterile peat and diluted broth is not economically feasible.

*
Aseptic conditions must be maintained during production.

*
A trained technical person is needed for certain key operations.
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Guidelines for Setting Up a Micro‑Production Unit and

Establishing Inoculant Quality Control

1. Physical Facility

A conceptual plan for a MPU facility addresses the environmental requirements of

specific functions. (See Fig. 1. MPU: Suggested floor plan.) The plan may be
i

modified as needed. This layout includes six functional sections:

A)
office area,

B)
quality control testing area,

C)
general area for media prep, glassware washing, etc.,

D)
inoculant curing and short‑term storage,

E)
broth injection area, and

F)
clean area for microbiological work.

This plan is based on the assumption that only pre‑packaged sterile peat carrier will be used for production. No provisions are made for processing locally‑acquired peat.

If indigenous peat will be used, then drying, grinding, weighing, and packaging must
I

be done in another area away from the MPU. Dust control is necessary in the peat

processing area.


~i

An isolated area must be designated for the microbiological work. (See Fig. 2. MPU culture and injection area.) Non‑essential personnel and materials must be kept out, and traffic should be restricted. Double entrance doors reduce dust. Air supply (air conditioners) to the clean room needs to be effectively filtered to avoid the introduction of contaminants. Maintenance of positive air pressure in the room helps reduce the introduction of unfiltered air from outside. Soil, raw peat, and plant tissue samples must not be brought into this area without special precautions for containment, handling, and disposal.

2. Equipment and Supplies

Table 5 includes general equipment items useful in the production area. Items specific to microbiological activities are listed in Table 6. (Microbiological equipment and supplies checklist.)

3. Strain Transfer, Cell Propagation, and Broth Dilution

A) Preparation of Inoculants

Small‑scale inoculant production with the MPU takes advantage of inexpensive

fermentors and simple techniques. (See Fig. 3. MPU production flow.)
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A starter culture is introduced aseptically to a fermentor such as a modified Erlenmeyer flask. (See Fig. 4. MPU: Steps for inoculation of fermentor.) Rhizobial growth proceeds under standard conditions: 28‑30°C for 3‑5 days for fast growers and 5‑7 days for slow growers. The culture may be aerated by rotating on a orbital shaker or by bubbling air in through a sterile filter.

B) Dilution of Broth and Injection into Carrier

After maturation, the broth is diluted with water or 1 /4 strength Yeast Mannitol Broth (YMB) (See Table 7 for ingredients) at a ratio of 1:100. (See Fig. 5. Dilution and manual injection of broth into sterile peat carrier, and Fig. 6. Self​refilling syringe for injecting diluted broth into carrier.)

For small‑scale production, the use of a manual hand‑syringe and separate sterilizable dilution container is recommended. For medium to commercial‑scale production, either a peristaltic pump system or the dilution‑dispensing pump system are more efficient. (See Fig. 7. Dilution and dispensing of rhizobial broth by pump into peat carrier, and Fig. 8. Diluting and dispensing pump system.) Diluted broth is injected into a sterile, pre‑packaged carrier material such as peat. The package is then massaged to mix the diluted broth and carrier, and left for 5‑7 days at 28‑30°C. (See Table 4. Time required for injecting peat bags.)

4. Rhizobial Strains

Pure cultures of authenticated rhizobia must be obtained from internationally recognized sources and must be specifically recommended for target legumes. Strains must have been tested for purity and effectiveness on their host plants.

Important characteristics of rhizobia include

A)
ability to compete with indigenous rhizobia in the soils

B)
ability to adapt to the environmental conditions encountered in the soil

C)
ability to persist in the soil

D)
ability to fix nitrogen effectively with local legume genotypes and

cultivars.

One of the advantages of a small‑scale MPU system is that authenticated, selected, and pre-tested rhizobial cultures may be obtained in a preserved form. These cultures can be reconstituted as a liquid culture for direct transfer to a fermentor (see Fig. 4.) Multiple samples of preserved inoculant strains may be obtained and stored for later use. This method reduces the likelihood of contamination, and eliminates the need for maintaining a rhizobial culture collection and authenticating cultures on plants.
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5. Carrier Material

The following analysis of an Australian sedge peat marketed by Bio‑Care Technology, New South Wales can be used as reference when characterizing other potential carrier materials.

The initial pH ranges between 4 and 5, depending on the depth from which it is mined. The pH must be adjusted to 6.5 ‑ 7.2 by adding CaC03 at a rate of approximately 5% (w/w).

The initial moisture content is approximately 15%. Peat sterilized by gamma irradiation, steam sterilization, or dry heat and may vary in moisture content, which affects the amount of diluted broth which can be mixed with the carrier material.

Particle size after grinding varies by batch. More than 90% of the final peat carrier will pass through 325 mesh (50 ,um) screen.

The Bio‑Care peat carrier material is sterilized by Cobalt 60 irradiation and has the following characteristics.

Organic matter:
80‑85%

Cation exchange capacity :
80 mEq/100 g

Water holding capacity:
200 % (w/v)

Chemical composition:

N %
1.90 ‑ 2.40

P %
0.03

K %
0.06

Mg%
0.57 ‑ 0.64

Ca %
1.10 ‑ 1.60

Na%
0.22

Cl%
0.10 ‑ 0.11

Al %
1.40 ‑ 1.70

Fe %
0.20 ‑ 0.40

Cu
5 ‑ 30 ppm

Zn
15 ‑ 65 ppm

B
4 ‑ 10 ppm

NaCl
0 ‑ 0.15

6. Labels for Rhizobial Inoculants

Requirements for labelling inoculants vary among countries. (See Fig. 9. Sample label for inoculants.) Each packet of inoculant should contain the following information:

A)
name, address, phone and FAX numbers of the inoculant production

facility

B)
name of legume host

C)
expiration date after which the inoculant should not be used

D)
batch number

E)
precautions

F)
instructions for storage

G)
directions for use

H)
net weight of unit size produced

I)
quantity of seed to be inoculated

7. Quality Control

A) Industry Standards

Inoculant quality is ultimately judged by the farmer in the field. Once produced, the inoculant is subject to a long chain of "unknown factors" that may affect its quality. Temperature, desiccation, poor aeration, pH drift, contamination, and toxicity from the carrier material may all cause deterioration of the product. One of the advantages of MPU‑produced inoculants is that they retain their quality and shelf‑life longer than inoculants produced in non‑sterile carriers.

Minimum standards of acceptability are based on the number of viable rhizobia per gram of inoculant. These standards vary between countries. For example:

5‑10 x 107 viable cells/gram ‑ USSR

4‑25 x 109 cells/gram ‑ The Netherlands

1 x 108 cells/gram ‑ Australia, New Zealand, India, and

Czechoslovakia

B) Plant Growth Area for Testing Inoculants

The primary advantage in quality control procedures when using a sterile carrier is that the rhizobia in the inoculant can be enumerated directly by plating methods. When these direct plating methods are combined with other presumptive tests for rhizobia, indirect enumeration of rhizobia by Most​Probable‑Number (MPN) plant infection methods are not required.
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Depending on the situation, environmentally‑controlled areas for plant growth can be used to:

1)
authenticate cultures received from germplasm depositories,

2)
estimate the numbers of infective rhizobia in soils or non‑sterile

inoculant carriers using Most Probable Number (MPN) plant

infection tests, and

3)
measure the effectiveness of strains on the plant.

Primary considerations for the physical design of the plant growth room are:

1)
protection from outside contamination by other rhizobia and

microorganisms,

2)
adequate lighting (approximately 16,000 lux),

3)
adequate relative humidity (65 ‑ 70%),

4)
air circulation, and

5)
ventilation of excess heat to maintain a temperature of

approximately 20°C during light period and 15°C for dark period.

(See Fig. 1. MPU: Suggested floor plan, and Fig. 10. Plant growth area.)

If the area is exposed to adequate sunlight, greenhouse‑type construction should be considered. Temperature and humidity must be regulated to support plant growth.

If the area is not exposed to sufficient natural light, an enclosed growth‑room with artificial sources of illumination should be considered. Warm‑white or cook white fluorescent lighting mounted to the wall or suspended over‑head are often used. Wall‑mounted lighting does not encourage excessive vertical growth in plants, and is often preferred. The ballasts for fluorescent lights creates heat and should be located outside the growth area. An alternate lighting system is a high‑intensity discharge sodium lamp, but this system generates high temperatures and is costly. Day‑length with the artificial lights must be regulated by timers. Depending on the legume species, lighting periods are generally 12 to 16 hours.

C) Quality Control Measures

Broth cultures should be tested by presumptive tests such as gram stains, direct microscopy, plating on indicator media, measuring pH, etc. Rhizobia in inoculants can be enumerated by direct‑plating techniques when inoculants are produced with sterile carriers. This direct plate count will also reveal the presence of any contaminating organisms.
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It must be emphasized that the direct‑plating method is only applicable to inoculants produced by sterile technique. Most contaminating organisms grow faster than rhizobia and will interfere with the direct‑plate count. Any contamination indicates the need to further test the inoculant batch.

The plant infection technique provides indirect estimates of rhizobial populations based on Most‑Probable‑Number (MPN) tables or the MPNES computer‑assisted program. MPN assumes that nodulation will occur if a single viable and infective rhizobia is present, and that the lack of nodules indicates the absence of compatible, viable rhizobia.

The only way to ensure that the symbiotically correct rhizobial strain for a specific legume host is in the inoculant is to test the inoculant on the host. It is conceivable that inoculants may have adequate populations of rhizobia, but through some error, these rhizobia may not be the correct strain for the intended host.

D) Testing Inoculants by Batch Lot Numbers

The Australian Inoculants Research and Control Service (AIRCS) test commercially‑prepared inoculants by the direct plate counting technique. AIRCS recommends random selection of seven units from a batch.

‑‑‑
five of these units are tested initially

‑‑‑
if one unit fails on initial testing, it is re‑tested

‑‑‑
if, on the second trial it meets all criteria, the entire batch

lot is passed

‑‑‑
if, on the second trial it fails,

‑‑‑
the additional two units are tested

‑‑‑
if either of these units fails, the entire batch lot fails

Inoculant samples selected at random for testing should be kept at 2‑10°C.

The sampled units should be selected on a Batch Lot Number basis. If a problem is detected in samples selected from a specific batch lot number, units of that specific batch could be further tested to determine if the problem was isolated to that batch or continued throughout production. Other batches that pass the quality control tests can be released for sales.

Producers should test inoculants from retail outlets to ensure that conditions associated with transportation and storage have not altered the quality of the inoculant. Samples from retail outlets should be stored in the refrigerator until they are tested.
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8. Heating Requirements for Various Fermentor Volumes

NifTAL is testing the substitution of electric immersion heater probes for LPG (Liquid Propane Gas) burners for sterilizing fermentors. Some disadvantages of LPG burners include

A)
use of an open flame,

B)
excess heat,

C1
carbon and soot deposits,

D)
location of the fermentor outside the laboratory away from heat, and

E)
the need to move a full sterile fermentor back into a "clean" area for

inoculation and fermentation.

Electric immersion heaters address each of the disadvantages and offer a superior alternative compared to LPG burner use. The greatest advantage of electric heating is the convenience of sterilizing the fermentor in the same area where inoculation and rhizobial production will take place, usually a clean laboratory. In contrast, the use of LPG generates too much heat for this situation. However, LPG use may be advantageous for other reasons in some situations.

By using an LPG gas burner rated at 90,000 BTU capacity, 100 litres of non‑sterile broth in a stainless steel 141 litre NifTAL‑developed fermentor can be sterilized in approximately 90 minutes. The broth is heated from (70°C) to (251 °C), held at 251 °C for 30‑45 minutes, then cooled by internal coils circulating cold water. (See Table 8. Kilowatt hours required to heat water for different volumes and time, and Fig. 12 Kilowatt hours required to heat water.)

9

Tables and Figures
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[image: image2.png]Table 2. Fermentor capacities and operations time to meet production goals.

Dilution Rate to be used :
Seed Planting Rate :
Inoculant Application rate:

Fermentor working acit

Total Full—Strength (see B below)

Area to be Peat Broth
inoculated required required
(kgs) [0]
300,000 2,000 2000 1000 500 167 67 40 10
18000 9000 4500 1500 600 360 S0
150,000 1,000 1000 500 250 83 33 20 5
9000 4500 2250 750 300 180 45
30,000 200 200 100 50 17 7 4 1
1800 800 450 150 60 36 9
9,900 66 66 33 17 6 2 1 0
594 297 149 50 20 12 0
3,000 20 20 10 5 2 1 0 0
180 90 45 15 6 3.6 0.9
1,500 10 10 5 3 1 0 0 0
90 45 23 8 3 1.8 0.5
300 2 2 1 1 0 0 0 0
18 9 5 1.5 0.6 0.4 0.1

* 9 days required to prepare a fermentor, inoculate, propagate, harvest, and then prepare the fermentor for inoculation again.
** A Fermentation cycle assumes that a period of 9 days are required for related activities. (# Cycles x 9 = Total days required)

Assumptions Made for Production Scale Model:
Broth requirements are based on final inoculant moisture content of 40%

Full strength broth x broth dilution factor = amount diluted broth required
Fermentor vessels 12, 30, 50, and 100 liter sizes are stainless steel pressure vessels

Fermentor vessels less than 12 liters are Erlenmeyer flasks.

sow»
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[image: image12.png]Figure 2. MPU culture and and injection area.
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[image: image13.png]Figure 3. MPU production flow.
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[image: image14.png]Figure 4. Steps for inoculation of fermentor.
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[image: image15.png]Figure 5. Dilution and manual injection of broth culture into sterile peat.
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Seif refilling syringe for injecting broth into carrier.
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[image: image17.png]Figure 7. Dilution and dispensing of rhizobial broth by pump into peat carrier.
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[image: image18.png]Figure 8. Diluting and dispensing pump system.
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[image: image19.png]Figure 9. Sample label for inoculants.

BNF SEED COMPANY
BNF Seed Co. Inoculants, Inc.
P.O.Box 123

Anywhere, Country
011-2-61 234567
011—2-61 234789

LEGUME

INOCULANT FOR :

Batch Number: GM-17.3.93

Expiration Date: = December-—-1994

Perishable: Inoculant contains LIVE nitrogen—fixing bacteria

DO NOT * Keep in direct sunlight
DO NOT * Use inoculant past expiration date

DO NOT * Store inoculated seed

DO NOT * Store at temperatures above 30 or below 4 degrees C

DO NOT * Freeze

INOCULATING SEEDS:
Sticker : To coat seed, use a commercial sticker
or use a sugar solution as described below.

1. Dissolve 1 part sugar to 9 parts water. Add 20 ml of sugar solution to 1 kilogram

of seed. — OR — Add 20 ml of water to 1 kilogram seed if sugar is not available.
2. Add sticker to seeds and mix evenly in a plastic bag or bucket.
3. Add 10 g inoculant.
4. Mix inoculant and seed thoroughly in a cool, shady area, and air—dry about 30 minutes. -
5. Protect inoculated seeds from direct sunlight, heat, and excessive drying.
6. Plant immediately.

Weight and Volume Guides :

A. 1 teaspoon (full) = 6 grams inoculum —~OR— 6 miwater

B. 1 tablespoon (full) = 12 grams inoculum —OR- 10 ml water

C. 1 cup (loose pack) = 145 grams inoculum —OR~— 250 ml water
D. 1 liter volume of Soybean seeds = 750 grams (about 6750 seeds)

Net Weight : 250 grams
Weight of seed this pack will inoculate : 25 (Kgs
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[image: image20.png]Figure 10. Plant growth area.
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APPENDIX

NifTAL‑Developed Computer Programs

Custom computer programs are available to support the financial and technical design of an MPU facility.

FAIME (Financial Analysis for Inoculant Manufacturing Enterprises)

FAIME analyzes strategies for allocating resources for start‑up and operations based on expected production requirements. Key indicators of financial success are compiled and presented for review. The user may adjust figures and observe the effects of these changes on the indicators of financial success.

CAPACITY ‑ (UNITS, TIME, COST)

UNITS, TIME, and COST are inter‑active modules in single program entitled CAPACITY. Starting with UNITS, each module builds on the previous one to explore production capacities, fermentor units requirements, production times, and fermentor costs for expected production demands.

UNITS defines the number and volume of fermentors needed for specific inoculant requirements. Production time is also computed.

TIME defines personnel requirements to inject a known volume of broth into the carrier material. A number of variables allows modeling of production mode and scale.

COST compares the costs of the number of fermentors required to satisfy expected production demands in two production modes‑‑sterile and non‑sterile.

OUTPUT compares the two.

MPNES ‑ Most Probable Enumeration System
MPNES provides rhizobial population estimates based on the results of MPN plant infection tests.

ACCLAIM ‑ ACCounting for Laboratories by Automation and Information Management

ACCLAIM has three sections:
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A) Database of NifTAL's Microbial Resource Center (MIRCEN) collection of rhizobia.

B) Recommended rhizobial strains for grain, tree, and pasture legumes.

C) Seed weights and inoculant application rates for selected legumes.

HEAT UP

HEAT UP allows the user to calculate kilowatt requirements for raising water temperature over a specified range.

Hardware Requirements

All programs can be installed on your computer providing you have the following hardware requirements.

1. DOS system, version 2.0 or higher

2. 512K RAM

3. 3.5" floppy drive

4. Recommended: Hard disk installation with 1 Mb free
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The Use of Sterile or Non‑Sterile Inoculant Carriers:

Which System is Best for You?

Inoculant Carriers : Inoculant carriers are a critical factor in the inoculant production system. After growing the rhizobial broth in fermentors, the rhizobia are mixed with an inoculant carrier material. The quality of the carrier depends on the number of rhizobia it can support. Good carriers can support one billion (109) cells per gram when the inoculant is fresh, and maintain 100 million (108) six months after production.

Carriers are most often finely ground peat, which has been proven as an industry standard. Other substances such as lignite, filter mud, charcoal, soil, and other locally available materials have also been used. The materials are processed so that they can support rhizobial growth and survival. They must also be fine enough to stick to the seed. For example, indigenous peat must be mined, dried, ground, and sieved. The resultant material is then limed before it is a can be used as a carrier to support rhizobia.

Inoculant production systems use either sterile or non‑sterile carriers. Each mode of production has its own capital, material, and processing requirements. The advantages and disadvantages are presented below.

Production with Sterile Carriers : The use of sterile carriers means that the carrier material must be prepackaged and sterilized prior to incorporation of rhizobial broth. The inoculant producer must package and sterilize local materials on site, or purchase ready‑to‑use sterile (gamma‑irradiated) peat packets from commercial suppliers. Small scale producers may be able to steam sterilize their own materials, but this heat sterilization may cause adverse changes to the carrier or packaging.

The primary advantage to using sterile carriers is that the Broth Dilution Technique can be used. With this dilution technique, full strength rhizobial broth from the fermentor is diluted with sterile water. This diluted culture is then injected into the individual bags of peat, and allowed to "cure" for 5 to 7 days at 24 ‑ 28 °C. There, the rhizobia can use the nutrients in the carrier to regain its original "full‑strength" population level. Inoculants produced with sterile carriers have a shelf life of four to six months if kept cool, and six to nine months under refrigeration.

Capital investments for fermentation systems are reduced when using the dilution technique. Dilution factors of 1:50 and 1:100 are often used in production. This dilution reduces the required fermentation capacity by the same factors. Quality control of the inoculants is also simplified. Because there are no other organisms in the carrier, the rhizobia can be counted directly using common microbiological techniques.

The major disadvantage to using sterile carriers is that sterilization facilities must be found, or pre‑packaged, pre​sterilized peat must be purchased from suppliers in the US or Australia. While this prepared material is convenient to use, transportation costs and foreign currency requirements for importing the peat packets may be obstacles.

Production with Non‑Sterile Carriers : Introducing the rhizobial broth to non‑sterile carriers can be as simple as pouring the broth into an open bin with a known quantity of carrier, and thoroughly mixing by hand or hoes. The mixture is then packaged. The curing requirements are the same as for sterile carriers. After curing, the inoculants must be kept under refrigeration to preserve the rhizobial population. Shelf life of non‑sterile materials is much shorter than with sterile carriers because of the presence of other organisms in the inoculant. Without refrigeration, the quality of the product is questionable after a few weeks.

Advantages to using non‑sterile production methods include the ease of physical processing of large amounts of material. Indigenous carriers can be used, and the dependence on imported, prepackaged carriers or sterilization facilities is eliminated. Requirements for stringent aseptic handling techniques are reduced, therefore the need for specially trained staff is also minimized.

The use of non‑sterile carriers requires a larger fermentation capacity for producing the rhizobial broth culture because the dilution technique cannot be used. A comparatively larger inventory of supplies and chemicals is also needed. Because the product has a relatively short storage life, an stringent production schedule must be maintained to meet the demands of seasonal planters. In addition, quality control measures to enumerate the rhizobia in the peat will depend on plant infection tests, and the appropriate facilities to conduct the tests. Results may take up to four to six weeks.
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Experiments were undertaken to test whether peat-based legume seed inocu-
lants, which are prepared with liquid cultures that have been deliberately diluted,
can attain and sustain acceptable numbers of viable rhizobia. Liquid cultures of
Rhizobium japonicum and Rhizobium phaseoli were diluted to give 108, 107, or 10°
cells per ml, using either deionized water, quarter-strength yeast-mannitol broth,
yeast-sucrose broth, or yeast-water. The variously diluted cultures were incorpo-
rated into gamma-irradiated peat, and the numbers of viable rhizobia were
determined at intervals. In all of the inoculant formulations, the numbers of
rhizobia. reached similarly high ceiling values by 1 week after incorporation,
irrespective not only of the number of cells added initially but also of the nature of
the diluent. During week 1 of growth, similar multiplication patterns of the diluted
liquid cultures were observed in two different peats. Numbers of rhizobia
surviving in the various inoculant formulations were not markedly different after 6
months of storage at 28°C. The method of inoculant preparation did not affect the

nitrogen fixation effectiveness of the Rhizobium strains.

Leguminous crops can be self-sufficient for all
or part of their nitrogen requirements when their
roots are nodulated with an effective nitrogen-
fixing strain of Rhizobium. Some legumes nodu-
late only with specific strains of Rhizobium or
may form fully effective nitrogen-fixing associa-
tions with a few of the array of strains that can
nodulate them. Therefore, seed or soil inocula-
tion with preselected rhizobia is practiced to
ensure nodulation and nitrogen fixation in grain
and forage legumes. Production of inoculants
involves culture of Rhizobium on a large scale
and incorporation into a carrier material, usually
finely milled peat. In addition to their nutritional
requirements, rhizobia need stirring and aera-
tion to reach a high population density in liquid
culture. A basal nutrient medium with mannitol
as the carbon source and including yeast extract
is the standard formulation for culturing rhizobia
(11). Stirring and aeration are readily achieved in
Erlenmeyer flasks plugged with cotton wool and
mounted on a rotary shaker. Rhizobia are mi-
croaerophilic (12), and oxygen requirements are
satisfied at the minimum speed necessary to
prevent sedimentation of cells in the flasks.
Because of technical difficulties in the develop-
ment of large-scale, continuously operating
shakers and the impracticality of autoclaving

+ Journal series no. 2689 of the Hawaii Institute of Tropical
Agriculture and Human Resources.
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very large flasks, the shaker-flask system has
been considered suitable only for production of
inoculants on a laboratory scale. Large-scale
production has involved the use of fermentors,
commonly of 1,000 to 2,000 liters, with special
provisions for stirring and aeration (2).

Such fermentors are expensive to acquire and
maintain and costly to install and operate. They
are prone to contamination because of the diffi-
culty in sterilizing all access lines and ensuring
contaminant-free aeration throughout culture
growth. The need for skilled operators contrib-
utes to the high operating cost of such produc-
tion systems. These factors have not prevented
establishment of viable inoculant production en-
terprises in industrialized nations. In developing
countries, however, they are major disincen-
tives for public and private entities contemplat-
ing production of legume seed inoculants.

It is known that Rhizobium meliloti, Rhizobi-
um trifolii, and a cowpea Rhizobium reach simi-
lar ceiling populations in peat after 3 weeks of
incubation, when liquid cultures of different ages
(which, therefore, contain different numbers of
viable cells) are used (8). So far, this phenome-
non has not been recognized as a way of greatly
increasing the production output of shaker-flask-
based inoculant plants.

This research was undertaken to test whether
peat-based legume seed inoculants prepared
with liquid cultures that have been deliberately
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TABLE 1. Influence of initial inoculum levels on subsequent growth and survival of R. japonicum USDA
110 and R. phaseoli TAL 182 in Badenoch peat incubated at 28°C

Approx level of

Log,, viable cells per g of moist peat after indicated time (days):

diluted liquid

culture (log, viable R. japonicum R. phaseoli
cells per mly* 0 7 28 70 0 7 28 70
6 5.42 9.96° 9.98 9.83 4.95 9.72¢ 9.97 10.07
7 6.31 10.062 9.98 9.99 6.25 9.87% 9.91 9.63
8 7.45 10.18° 10.03 9.77 7.43 10.00° 9.85 9.69

% YM broth (25%) was used as diluent.

b The difference in population density between time 0 and 1 week for each inoculum level was significant (P <

0.01). Other differences were not significant.

diluted can attain and sustain acceptable num-
bers of viable rhizobia.

MATERIALS AND METHODS

Bacteria. Rhizobium japonicum USDA 110 and Rhi-
zobium phaseoli TAL 182 were obtained as desiccated
ceramic-bead cultures (7) from the Nif TAL Rhizobium
germ plasm resource. :

Culture medium. Yeast-mannitol (YM) medium was
prepared as described by Vincent (11), with 0.5 g of
yeast extract (Difco Laboratories, Detroit, Mich.) per
liter substituted for yeast-water.

Diluents. Deionized water, quarter-strength YM me-
dium, quarter-strength yeast-sucrose medium (pre-
pared by substituting sucrose for mannitol in the YM
medium), and quarter-strength yeast-water medium
(mannitol was omitted from YM medium) were used
for diluting liquid cultures of Rhizobium before incor-
poration in peat. Diluents were autoclaved at 121°C at
15 Ib/in? for 30 min.

Peat. Finely milled Badenoch peat (pH 6.8, without
neutralizing with calcium carbonate) was obtained
prepackaged and sterilized by gamma irradiation in 50-
g polyethylene bags from Agricultural Laboratories,
Regents Park, New South Wales, Australia. Milled
Wisconsin peat (pH 4.5 to 5.0) was obtained in bulk
from Nitragin Co., Milwaukee, Wis. The Wisconsin
peat was adjusted to pH 6.5 to 6.8 by mixing with 5%
(wt/wt) food grade-precipitated calcium carbonate
(J. T. Baker Chemical Co., Phillipsburg, N.J.). It was
then packaged in 50-g lots and gamma irradiated (5
Mrad). The polyethylene bags had a thickness of 38
wm for both peats. The moisture content of the peats
was 8 to 10%.

Preparation of inoculants. Rhizobia were cultured in
batches of 100 ml of YM medium in 250-m] Erlenmey-
er flasks on a shaker platform rotating at 100 rpm. Late
log-phase cultures with approximately 1 x 10% to 2 x
10° viable rhizobia per ml were serially diluted with
each of the four different diluents to give 108, 107, or
10° rhizobia per ml. A sample of approximately 40 ml
of diluted culture was injected aseptically into each
bag of peat, the exact volume being that which gave a
moisture content of 50% in each case. Each inoculant
formulation was replicated three times. All bags were
massaged thoroughly to mix their contents and incu-
bated at 28°C throughout the investigation.

Counting rhizobia. A 1.0-g sample from the inocu-
lant in each package was transferred aseptically into 99
ml of quarter-strength YM medium in a milk dilution

bottle. After 15 min of agitation on a wrist-action
shaker, serial dilutions were performed. Using the
drop-plate method of Miles and Misra (6), 30-ul drops
from each dilution in the series were spotted on one set
of YM agar plates containing 25 mg of Congo red per
liter and on a second set of plates containing 1.25 mg of
brilliant green per liter. (Both Congo red and brilliant
green were incorporated in the YM agar to recognize
rhizobia should contamination occur. Brilliant green
suppresses non-rhizobia, and therefore it is a useful
check on Congo red, especially with bacteria not
absorbing Congo red.) Plates were incubated at 28°C
and counted after 3 days for strain TAL 182 and after 7
days for strain USDA 110.

Nitrogen-fixing effectiveness of inoculants. Inoculants
prepared in the various formulations were tested for
effectiveness on their respective host plants in Leon-
ard jars (5) containing nitrogen-free nutrient solution
(1). Surface-sterilized and pregerminated seeds were
inoculated at sowing with 2 ml of a peat inoculum
prepared by suspending 1 g of peat inoculant in 99 ml
of quarter-strength YM medium. Test samples were
taken from inoculants aged for 3 and 6 months.

Immunofluorescence. Immunofluorescent examina-
tion was done only on cultures from the short-term
experiment, which was designed to confirm that the
rapid population increases observed during week 1 of
growth were caused by the inoculant strains. Fluores-
cein isothiocyanate-conjugated sera of strains TAL
182 and USDA 110 were obtained from the NifTAL
serum bank. Smears were prepared from colonies
picked from plates (from 0-, 4-, and 7-day counts) and
stained by the method of Schmidt et al. (10). At least
50% of the colonies resulting from a single drop (20 to
30 colonies per drop) were examined for contaminants
by epifluorescence alone or in combination with the
phase-contrast system. When colonies were too nu-
merous to pick, a composite of the growth was made.
A sample smear from the composite was then stained
and examined.

RESULTS AND DISCUSSION

R. japonicum USDA 110 and R. phaseoli TAL
182 attained population densities of close to 10°
viable cells per g of moist peat by 1 week after
incorporation, even though the initial numbers
in the diluted liquid culture varied in the range
10° to 108 rhizobia per ml (Table 1). Numbers of
viable rhizobia were sustained well above 10° for




[image: image27.png]332 SOMASEGARAN AND HALLIDAY

APPL. ENVIRON. MICROBIOL.

TABLE 2. Effect of different diluents on growth and survival of R. japonicum USDA 110 in Badenoch peat
during long-term storage at 28°C

Log;o viable cells per g of moist peat after incorporation for (days):

) LSD
Diluent cn) = a
Huent (con 0 14 30 60 90 120 150 180 (P =0.01)
Sterile, deionized water 4.32 10.01 9.83 9.73 9.43 8.65 9.08 7.89 0.31
YM medium (25%) 441 1006 99 993 960 874 923  8.03 0.45
Yeast-water medium 4.37 9.81 9.88 9.77 9.63 8.81 9.17 7.72 0.32
(25%)
Yeast-sucrose medium 4.53 9.94 9.98 9.91 9.46 9.08 9.31 7.94 0.23
(25%)

@ Zero-time viable counts were not included in the analysis. LSD, Least significant difference.

10 weeks. All multiplications were more rapid
than those in the experiments described by
Roughley (8). The results indicated that a 1,000-
fold dilution (from 10° to 10% of the liquid
culture is acceptable and suggest that even
greater dilutions might be possible without af-
fecting the final population density attained in
the inoculants.

The tests with a range of diluents revealed that
inoculants with high populations of rhizobia
could be prepared with each diluent (Tables 2
and 3). Analysis of the data showed that the four
diluents did not differ significantly in their abili-
ties to support growth and survival of both
strains. Although no measurements were made
to confirm the moisture contents of the inocu-
lants after long-term storage, significant mois-
ture loss was indicated by the dry appearance of
the peat. A gradual and significant decline in
population increasing with storage time was
observed which may be attributed to the effects
of desiccation of the inoculants. All three strains
of rhizobia were adversely affected during stor-
age by a low moisture content in the peat (9).
Numbers of viable rhizobia surviving in each
formulation after 6 months of storage were equal
or very close to the accepted standard of 108
cells per g of moist peat (3). The high popula-
tions of rhizobia sustained in the inoculants in
which water was used as a diluent indicated that
the carry-over of nutrients in the diluted YM
medium and in the peat itself could support high
populations of rhizobia during the 6-month shelf

life. The chemical composition of the peat (3)
may have an intrinsic nutritional value for rhizo-
bia.

The nitrogen-fixing effectiveness of the rhizo-
bia in the various inoculant formulations was
confirmed to have been maintained. The appro-
priate host plants inoculated with samples from
3- and 6-month-old inoculants produced healthy,
green plants. Roots were well nodulated, and
nodule sections showed pink-to-red interiors.

Based on the typical mean generation times
for fast- and slow-growing rhizobia given by
Vincent (12), the rapid increases in population
observed in all inoculants after incubation for
only 1 week are theoretically possible. Never-
theless, a follow-up experiment was warranted
to monitor cell multiplication at daily intervals
after incorporation of cultures in the peat carri-
er. In this short-term experiment, inoculants of
each strain were prepared as described above.
Both Badenoch and Wisconsin peats were inves-
tigated.

Cells of each of the two strains multiplied
rapidly (Fig. 1) in both Badenoch and Wisconsin
peats. Maximum populations were attained after
4 to 5 and 7 days by undiluted and 1,000-fold-
diluted cultures, respectively. The inoculants
were confirmed to be free of contaminants by
plating and typing colonies by immunofluores-
cence with the specific antisera. The mean gen-
eration times for R. phaseoli were 2.7 and 2.8 h
in Badenoch and Wisconsin peats, respectively.
R. japonicum had a mean generation time (7.0 h)

TABLE 3. Effect of different diluents on growth and survival of R. phaseoli TAL 182 in Badenoch peat
during long-term storage at 28°C

Logo viable cells per g of moist peat after incorporation for (days):

Diluent (concn) LSD "
0 14 30 60 90 120 150 180 (P =0.01)
Sterilized, deionized water 4.46 9.75 9.69 9.36 8.89 8.67 8.28 8.29 0.43
YM medium (25%) 4.39 9.98 9.75 9.58 8.93 8.47 8.42 8.04 0.46
Yeast-water medium 4.43 9.69 9.53 9.44 8.81 8.60 8.24 8.05 0.39
(25%)
Yeast-sucrose medium 4.31 9.98 9.79 9.60 9.02 8.67 8.50 8.22 0.38
25%)

@ Zero-time viable counts were not included in the analysis. LSD, Least significant difference.
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FIG. 1. Multiplication of Rhizobium in sterilized
Badenoch (A and B) and Wisconsin (C and D) peats
after incorporation of full-strength (O) and diluted (@)
liquid culture. Diluent was 25% YM broth. The full-
strength culture was diluted 1,000-fold for the diluted
liquid culture treatment. Each treatment was set up in
triplicate. BAYES LSD (least significant difference): k
= 100.

in the Badenoch peat that was slightly shorter
than the 7.7-h value found for Wisconsin peat.
These values compare well with the expected
mean generation times for fast- and slow-grow-
ing rhizobia in liquid culture (12).

The results showed that, for these repre-
sentative fast- and slow-growing strains of Rhi-
zobium, the continued and rapid multiplication
of rhizobia after incorporation in the peats tested
can be relied upon to produce acceptable inocu-
lants from diluted cultures. The method may
also be extended to strains of rhizobia which
have specific requirements (4) of a fairly expen-
sive carbon source, especially some strains of
soybean and lupine rhizobia which prefer arabi-
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nose and other pentoses. Such organisms may
be grown in small volumes before dilution.
These advantages offer the opportunity to devise
large-output inoculant production systems in
which rhizobia are cultured simply and inexpen-
sively in flasks or shakers.

Although the method described above was
performed with irradiated peat, initial studies
have shown that this method can be applied to
steam-sterilized peat. The data from these ex-
periments will be presented elsewhere.
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Fully grown broth cultures of various fast- and slow-growing rhizobia were deliberately diluted with various
diluents before their aseptic incorporation into autoclaved peat in polypropylene bags (aseptic method) or
mixed with the peat autoclaved in trays (tray method). In a factorial experiment with the aseptic method,
autoclaved and irradiated peat samples from five countries were used to prepare inoculants with water-diluted
cultures of three Rhizobium spp. When distilled water was used as the diluent, the multiplication and survival
of rhizobia in the peat was similar to that with diluents having a high nutrient status when the aseptic method
was used. In the factorial experiment, the mean viable counts per gram of inoculant were log 9,23 (strain TAL
102) > log 8.92 (strain TAL 82) > log 7.89 (strain TAL 182) after 24 weeks of storage at 28°C. The peat from
Argentina was the most superior for the three Rhizobium spp., with a mean viable count of log 9.0 per g at the
end of the storage period. The quality of inoculants produced with diluted cultures was significantly (P = 0.08)
better with irradiated than with autoclaved peat, as shown from the factorial experiment. With the tray
method, rhizobia in cultures diluted 1,000-fold or less multiplied and stored satisfactorily in the presence of
postinoculation contaminants, as determined by plate counts, membrane filter immunofluorescence, and plant
infection procedures. All strains of rhizobia used in both the methods showed various degrees of population
decline in the inoculants when stored at 28°C, Fast- and slow-growing rhizobia in matured inoculants produced
by the two methods showed significant (P < 0.01) decline in viability when stored at 4°C, whereas the viability
of some strains increased significantly (P < 0.01) at the same temperature. The plant effectiveness of inoculants
produced with diluted cultures and autoclaved peat did not differ significantly from that of inoculants produced

with undiluted cultures and gamma-irradiated peat.

In the usual method of peat-based inoculant production,
rhizobia are multiplied in fermenters to reach maximal
populations before being added to the peat. In the pure-
culture or aseptic technique, a definite volume (30 to 50% of
the total final weight) of a fully grown culture (10° cells per
ml) is added aseptically to a relatively dry peat sample (8 to
10% moisture) which has been presterilized in polyethylene
bags by gamma irradiation. The added rhizobia multiply
further to reach maximal populations since the peat was
presterilized, but minimal to no multiplication may take
place if the peat was not sterilized. General experience has
shown that, with the exception of a few strains that can
reach a population of 10*° cells per g of peat inoculant, most
strains rarely exceed 5 x 10° cells per g in irradiated peat
(12). In heat-treated sedge peat used in the United States, the
number of added rhizobia reaches 2.5 X 10%t0 3.0 x 10° cells
per g of inoculant (4). The choice of technique used depends
very much on the scale of production, with the nonsterile
peat method being the choice of most commerical producers.
However, in Australia, all peat used in commerical produc-
tion is gamma irradiated in polyethylene packages (13, 20),
The production capacity of both techniques is directly
proportional to the volume of liquid cultures that can be
produced, and this in turn is limited by the size of the
fermenter. The problem is further magnified when liquid
cultures for several species of legumes are needed.

In developing countries, where there is a great need for
legume inoculants, numerous problems are associated with
inoculant production, e.g., in Guyana a frequent problem is
the availability of a suitably sized and low-cost fermenter
).

The high costs and operational problems associated with
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large-scale fermenters led to an investigation of the potential
of using diluted liquid cultures of Rhizoblum spp. for
inoculant production with irradiated peat (16), In developing
countries, costly gamma-irradiation facilities are not always
feasible for peat sterilization, but steam sterilization 1s a
realistic alternative. Steam sterilization has heen used in the
sterilization of peat for inoculant production with undiluted
cultures (9, 19, 22). The use of autoclaved peat and diluted
liquid cultures of Rhizobium spp. has not been investigated
as a new and potential methed for inoculant produetion. This
report characterizes inoculants produced by the dilution
method.

MATERIALS AND METHODS

Rhizobia. The various Rhizobium spp. (Table 1) used in this
investigation were obtained from the NifTAL Rhizobium
germ plasm resource, Cultures were maintained on yeast
mannitol agar (YMA) as described by Vincent (23) and
checked for purity by the fluorescent-antibody technique
(15).

Diluents, Various formulations of diluents were used to
dilute late-log-phase liquid cultures to investigate the influ-
ence of the nutrient status of the diluent on the multiplication
and survival of the rhizobia in the peat, The preparation of
these diluents was described previously (16), and they are
listed in Table 2. Only R. phaseali TAL 182 and R,
Japonieum TAL 102 were used to evaluate the influence of
diluents.

In subsequent experiments with other strains of rhizobia,
only sterile, deionized water was used to dilute the cultures.
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TABLE 1. Sources of Rhizobium cultures

Designations? of Rhizobium spp.

TAL Original
82 TAL 82
102 USDA 110
169 Nitragin 176A22
182 TAL 182
379 USDA 136b; CB1809
380 SU 47
620 ICRISAT 3889
651 UMKL 44
1376 C-34

Cross-
inoculation

group Parent host

Rhizobium sp.
R. japonicum
Rhizobium sp.

Leucaena leucocephala
Glycine max
Vigna unguiculata

R. phaseoli Phaseolus vulgaris
R. japonicum Glycine max
R. meliloti Medicago sativa

Cicer arietinum
Calopogonium mucunoides
Phaseolus vulgaris

Rhizobium sp.
Rhizobium sp.
R. phaseoli

“ Labratory sources were as follows: TAL, NifTAL Project, University of Hawaii, Honolulu; USDA, U.S. Department of Agriculture, Beltsville, Md.;
Nitragin, Nitragin Co., Milwaukee, Wis.; SU, University of Sydney, Sydney, Australia; ICRISAT, International Crops Research Institute for the Semi-Arid
Tropics, Hyderabad, India; UMKL, University of Malaya, Kuala Lumpur, W. Malaysia; C, Centro de Energia Nuclear na Agriculture, Piracicaba, Brazil.

Sterilization of the deionized water was achieved by
autoclaving or by filtration through a 0.2-pm Ultipor dispos-
able self-contained membrane filter unit (Pall Corporation,
Cortland, N.Y.). This filter was reused several times after
sterilization by autoclaving. Pressure for filtration was pro-
vided by a liquid circulation pump (Flotec Inc., Norwalk,
Calif.).

Presterilization of peat in plastic bags. Finely milled
Demilco peat (pH 4.5 to 5.0; moisture content, 8 to 10%) was
purchased from the Nitragin Co., Milwaukee, Wis. The peat
was mixed with food-grade precipitated calcium carbonate
(J. T. Baker Chemical Co., Phillipsburg, N.J.) at a ratio of 50
g of peat to 2.5 g of calcium carbonate to give a final pH of
6.5 to 6.8. The peat was then packaged in 50-g lots in thin
(38-pm) polyethylene bags, heat sealed, and gamma irradi-
ated (5 Mrad).

Similar quantities of peat were placed in high-density (38
pm) autoclavable polypropylene bags (Sealcraft Packaging
Corp., Milwaukee, Wis.). The open end of each bag was
folded back to produce a narrow flap, 4 cm in width, which
was held in place by two no. 1 paper clips. The bags were
arranged in rectangular wire baskets with sufficient space for
steam circulation between bags. Before placement of the
bags, the wire baskets were lined with paper towels on the
sides and bottom to prevent metal-plastic contact during
autoclaving. The peat was sterilized for 60 min at 121°C and
at 1.05 kg/cm?. The bags were removed for sealing after
overnight cooling in the autoclave. They were sealed in a
laminar flow hood. The two paper clips were removed, and
a seal was made along the crease of the flap.

Peat from Mexico (FERTIMEX, Anaxagoras 25, Mexico
City) Argentina (Nitrasoil Argentina S.A., Buenos Aires),
Spain (Instituto Nacional de Investigaciones Agrarias, San
Jose de la Rinconada), and Peru (Universidad Nacional de
Cajamarca, Cajamarca) was packaged and sterilized by
irradiation and autoclaving as with the Demilco peat from
the United States. These imported peat samples did not
require the addition of the calcium carbonate, as their pHs
were 6 to 7.0.

Presterilization of peat in trays. A 1-kg portion of pH-
amended Demilco peat was placed in a heavy-duty autoclav-
able polypropylene tray (18 by 18 by 6 in) and spread out to
give a layer of even thickness. An aluminum foil cover was
placed over the tray. The peat was autoclaved at 121°C and
1.05 kg/cm? for 60 min and left to cool overnight in the
autoclave. The aluminum foil cover was left in place until
removal just before inoculant preparation.

Preparation of inoculants and storage. Late-log-phase cul-

tures were obtained in YM medium and diluted to the
required levels with the various diluents.

To examine the effect of sterility of the peat on the
multiplication and survival of the rhizobia, the peat samples
were inoculated with the diluted cultures under aseptic or
septic conditions. All inoculants were prepared with single
strains.

For the aseptic method, presterilized peat samples in
polyethylene or polypropylene bags were aseptically inocu-
lated with 40 ml of the diluted culture (50- to 100-fold
dilution) with a sterile, plastic syringe fitted with a hypoder-
mic needle (8). The bags were thoroughly kneaded to ensure
absorption of the liquid culture into the peat. Inoculants
were stored (incubated) at 28°C. To study survival under
low-temperature storage conditions, inoculants were sam-
pled for enumeration and immediately transferred to a re-
frigerator (4°C). The same inoculants were reenumerated
after a fixed period of storage at 4°C.

For the septic method (referred to as the tray method
henceforth), peat inoculation was done in the open labora-
tory environment. The diluted culture (approximately 50- to

TABLE 2. Shelf life of inoculants prepared from autoclaved peat
and diluted liquid cultures of R. phaseoli (TAL 182) and R.
Jjaponicum (TAL 102)

Logyo (no. of rhizobia/g of moist peat)” after
storage for (weeks):
Strain and diluent

0 2(22)" 8 16 24
R. phaseoli
Sterile, deoinized 441 9.18(6.47) 8.08 7.53 7.50
water
25% yeast-mannitol  4.85 9.40(5.68) 8.14 7.87 7.60
broth
25% yeast-water 492 9.09(3.79) 8.08 7.64 7.37
25% yeast sucrose 481 954575 799 173 147
broth
R. japonicum
Sterile, deoinized 4.68 8.11(9.03) 932 9.29 9.18
water
25% yeast mannitol 476  7.93(9.20) 9.26 9.16 9.10
broth
25% yeast-water 475 8.02(9.19) 935 9.13 926
25% yeast sucrose 467 8.54(19.22) 936 940 9.27

broth

¢ Mean of three replications.
% Inoculant was stored at 28°C for 2 weeks and then at 4°C for 22 weeks.
Values in parentheses are plate counts after storage at 4°C.
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100-fold dilution) was mixed at a rate of 35 ml per 50 g of
peat. Mixing was done by hand; sanitized, disposable poly-
ethylene gloves (VWR Scientific, San Francisco, Calif.)
were worn throughout the mixing process. Immediately after
being mixed, 100-g quantities of the inoculant were packaged
in clean, previously unused polyethylene bags and heat
sealed. The survival of rhizobia in these inoculants was
compared with that of inoculants of the same strains pre-
pared with undiluted culture inoculated aseptically into bags
of irradiated peat as described for the aseptic method. The
inoculants prepared by this tray method were also tested for
storage characteristics at 4°C.

Enumeration of rhizobia by plate counts and plant infection
(MPN) technique. Serially diluted samples of the inoculants
were plated on Congo red YMA (CRYMA) and brilliant
green YMA (BGYMA) media (16) by the drop and spread
plate methods as described previously (8). The drop plate

method was routinely used for enumerating pure cultures of |

rhizobia in inoculants prepared from presterilized peat.
Rhizobia in inoculants prepared by the tray method were
enumerated by the spread plate (CRYMA and BGYMA)
method and the standard plant infection (most probable
number [MPN]) technique (23) with plastic growth pouches
(24) or in enclosed seedling agar tubes (23). Tenfold serial
dilutions and four replications per dilution were used for
MPN counts. The following host plants were used for the
MPN counts: Glycine max cv. Davis for R. japonicum TAL
379, a small, white-seeded commercial variety of Phaseolus
vulgaris for R. phaseoli TAL 182, Leucaena leucocephala
K8 for Rhizobium sp. strain TAL 82, Medicago sativa for R.
meliloti TAL 380, and Macroptilium atropurpureum var.
Siratro for Rhizobium spp. strain TAL 169 and TAL 651.
Surface-sterilized seeds were pregerminated on water agar
plates. Seedlings of Medicago sativa and Macrophilium
atropurpureum var. Siratro were established in seedling agar
tubes, and the other hosts were in growth pouches.
Uninoculated controls were included in all treatments, and
plants were scored for the presence or absence of nodules at
3 weeks after inoculation.

Enumeration of rhizobia by the MFIF technique. Direct
counting of the rhizobia by membrane filter immunofluores-
cence (MFIF) was done with polycarbonate Nuclepore
filters (Nuclepore Corp., Pleasanton, Calif.) stained with
irgalan black (7), since the inoculants prepared by the tray
method would contain contaminants. A 5-ml sample from
the 10~ dilution was filtered, and the filter was treated with
gelatin-rhodamine isothiocyanate conjugate (2). The direct

TABLE 3. Shelf life of inoculants prepared from autoclaved peat
and diluted liquid cultures of Rhizobium spp.?

Log,¢ (no. of rhizobia/g of moist peat) after
storage for (weeks):

222 3 8 16 24

945 (ND)* 892 871 823 7.89
6.26 (7.30) 829 914 888 877
9.77(9.53) 972 951 931 9.16
9.62(9.23) 9.77 9.11 870 8.65
9.41 (9.87) 9.61 930 894 872
9.41 (8.00) 9.45 922 9.01 8.89
9.35(8.47) 9.08 8.10 7.67 7.67

7 Late-log-phase cultures were diluted to 10° rhizobia per ml in deionized
water that had been sterilized by membrane filtration.

% Inoculant was stored at 28°C for 2 weeks and then at 4°C for 22 weeks.
Values in parentheses are plate counts after storage at 4°C.

¢ ND, Not done.

Rhizobium spp.

Rhizobium sp. TAL 82
Rhizobium sp. TAL 169
R. japonicum TAL 379
R. meliloti TAL 380
Rhizobium sp. TAL 620
Rhizobium sp. TAL 651
R. phaseoli TAL 1376

APPL. ENVIRON. MICROBIOL.

fluorescent-antibody technique was used for staining the
rhizobia (15), and 20 randomly chosen microscope fields
were counted per filter at X100 magnification. MFIF obser-
vations were made with a Zeiss standard microscope 14 with
an incident light fluorescence illuminator equipped with an
HBO 50-W mercury vapor light source.

Immunofluorescence examination of colonies on plates. To
test the accuracy of recognition of rhizobial colonies from
contaminants during plate counts, smears were made from
colonies picked from CRYMA and BGYMA plates. All
inoculants produced by the tray method were examined.
Five colonies recognizable as those of the inoculant Rhizo-
bium sp. were picked for observation from every replication
at each sampling period.

Nitrogen-fixing effectiveness of inoculants. Inoculants of R.
Jjaponicum TAL 102, R. phaseoli TAL 182, and Rhizobium
sp. strain TAL 82 prepared with diluted cultures and
presterilized peat (autoclaved and irradiated) from various
countries were tested for their effectiveness on their appro-
priate host plants. The performance of each of these
inoculants was compared with that of the appropriate
multistrain NifTAL inoculant which was prepared with an
undiluted culture containing three strains and irradiated
peat. The inoculants were tested after aging for 6 months at
28°C. Inoculation procedures and plant culture techniques
were as previously described (16). Host-Rhizobium combi-
nations and harvest time were as follows: Phaseolus vulgaris
cv. Bountiful-R. phaseoli TAL 182 harvested at 30 days, G.
max cv. Davies-R. japonicum TAL 102 harvested at 31 days,
and Leucaena leucocephala cv. K8-Rhizobium sp. strain
TAL 82 harvested at 48 days. At harvest, plant shoots were
excised and dried at 70°C for 48 h for dry weight determina-
tion. Roots were examined for nodulation. Sample nodules
were cut open, and the color of the nodule interior was
noted.

RESULTS

Evaluation of diluents. The influence of various diluents on
the subsequent multiplication and long-term survival of R.
phaseoli TAL 182 and R. japonicum TAL 102 in inoculants
prepared from autoclaved peat and 1,000-fold-dituted liquid
cultures is shown in Table 2. The sterile, detonized water
was not significantly different from the other three nutrient-
enriched diluents in supporting multiplication and survival of
both species. The rates of multiplication of the two species
differed: maximum populations of R. phaseoli were counted
at 2 weeks, and maximum populations of R. japonicum were
counted at 8 weeks. Long-term storage (24 weeks at 28°C)
data for R. phaseoli TAL 182 indicated a significant (P <
0.001) decline in viability, with similar trends for all four
diluent treatments. Also, long-term storage of R. phaseoli
TAL 182 at 4°C for 22 weeks significantly (paired ¢ test, P <
0.01) affected survival in the peat, by a decrease of 3.88 logs.
With R. japonicum TAL 102, long-term storage at 4°C for the
same period resulted in a significant (paired ¢ test, P < 0.01)
increase in the population, by approximately 1.0 log.

Performance of water-diluted liquid cultures of different
strains in autoclaved peat. Since sterilized, deionized water
was not different from any of the nutrient-enriched diluents
tested with R. phaseoli TAL 182 and R. japonicum TAL 102,
seven other Rhizobium spp. were selected for further inves-
tigation. Inoculants were prepared with diluted liquid cul-
tures and autoclaved peat, and the inoculant shelf life was
evaluated (Table 3). An analysis of variance indicated that
the growth and multiplication of the seven species differed
significantly (P < 0.01). Except for Rhizobium sp. strain
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TABLE 4 Compaublhty of dlﬁ‘erent peat samples with diluted cultures of Rhizobium spp. for inoculant production
Logm (no of rhizobia/g of moist peat)” after storage for (weeks):
Peat source prestepx’?ﬁéation 7 R, phaseoll TAL 182 ] R, japonicum TAL 102 Rhizobium sp. TAL 82
2 4 24" 2 4 24 2 4 24
Mexico A¢ 8.61 8.58 7.69 9.00 9.20 9.13 9.02 9.02 9.01
Ge 9.30 9.39 7.65 9.47 9.55 9.20 9.56 9.47 9.18
Argentina A 9.06 9,07 8.32 9.43 9.58 9.42 9.25 9.26 9.20
G 9.51 9.70 8.56 9.67 9.86 9.62 9,88 9.70 9.25
Spain A 8.99 9.19 7.73 9.31 9.19 9.09 9.38 9.18 9.04
G 9.17 9.50 7.92 9.39 9.48 9.14 9.58 9.32 9.05
United States A 8.90 8.97 8.00 9.37 9.52 9.47 9.28 9.05 8.37
G 8.91 8.59 8.00 9.39 9.48 9.20 8.96 9.05 8.93
Peru A ND¢ ND ND 9,23 9.20 9.18 ND ND ND
G 9.64 9.65 9.22

K] Mean of threc replicatl@ns

b Sampling time in weeks,

¢ A Autoclaved; G = gamma [rradiated.
ND Net done.

TAL 169, which multiplied very poorly and reached maxi-
mum populatlons at 8 weeks all the other rhizobia reached
populations in excess of 10° rhlzobla per g in 2 weeks. The
shelf life showed similar trends, in that all various-species
had significant (P < 0,01) loss in viability when stored at
28°C for 24 weeks. However, the shelf life of the rhizobia
was highly variable; e.g., R Japonicum TAL 379 still main-
tained high populations (107 per g) at 24 weeks, whereas R
phaseoll TAL 1376 and Rhizobium sp. strain TAL 82 popu-
lations decreased to 10® per g of inoculant,
Low-temperature (4°C), long-term (22 weeks) storage
qualities were also evaluated with these different species
(Table 3). The survival data for each strain at 4 and 28°C
were analyzed for differences by a one-way analysis of
varlance, The differences were highly significant (P < 0.01)
for each strain, indicating that storage at 4°C affected growth
and survival in the peat, Increases in populations at 4°C were
obvigus with the cowpea Rhizobium sp. strain TAL 169
(+1.25 logs) and the chickpea Rhizobium sp. strain TAL 620
(+0.5 log), However, storage at 4°C affected the viability of
gowpea Rhigobium sp. strain TAL 651 (=1.50 logs), and R.

TABLE 5. Analysis of variance on the compatability of diluted
cultures of three Rhizobium spp. for inoculant production with
diverse peat samplesf‘

‘Mean squuw varlatien in vlable counts

Source of variation df after storage for (weeks)

2 4 24
Rhizobium (R) 2 0.440%* 0.845%* 11.983%*
Peat (P) 3 0.32]1 % 0.618%* 0.847%*
RxP 6 0.060 0.128%* 0.224%*
Carrier 1 0.929%* 1.511%* 0.176*

sterilization (8)

RxS 2 0,017 0,030 0.102*
Px§ 3 0.487** 0.344** 0.051
RxPxS§ 6 0,055 0.045* 0.133%+
Error 48 0.034 0.013

0.020

2 Peat from Peru was not included ln tli;: ua;nalysis,
b x **_Significance at the 0.01 and 0.001 levels of probability, respectively.

phaseoli TAL 1376 (—0.87 log). Also affected, but less
seriously, were R. japonicim TAL 379 (—0.24 log) and R.
meliloti TAL 380 (—0.49 log).

Compatiblility of diverse peat.samples with diluted liquid
cultures of Rhizobium spp. The compatibility of diluted liquid
cultures of Rhizobium spp. for inoculant production with
peat from five diverse sources was evaluated in a factorial
experiment (Table 4). The three Rhizobium spp. were eval-
uated at each storage period, and the peat from Peru was
excluded from the statistical analysis (Table 5). Viable
counts differed significantly (P < 0.01) for the three Rhizo-
bium spp., peat samples, and the method of peat sterilization
at each storage period. These differences were consistent
throughout the shelf life of the inoculants. Significant inter-
actions among the Rhizobium spp. (R), peat (P), and the
method of peat sterilization (S) were evident at different
storage periods. Of these interactions, only R X P X §
persisted throughout the shelf life of the inoculants. The R X
S interaction was significant only at 24 weeks, and the R X
P interaction was evident in the 4- and 24-week-old inocu-
lants. An analysis of variance (@ = 0.05 and Duncan’s
multiple range test) to compare the differences between
inoculants produced with irradiated and autoclaved peat
samples indicated that the quality of inoculants (viable
number of rhizobja per gram of inoculant) in irradiated peat

TABLE 6. Quality of inoculants produced with presterilized peat
and llquld cultures of rhizobia®

Logio (no of rhizobia/g of inoculant) after

Metheod of inoculant storage for (weeks):

preparation 3 2 ”
Diluted culture 9.36 (a)” 9.43 (a) 8.73 (a)
and irradiated peat
Diluted culture 9.31 (a) 9.14 (b) 8.63 (b)

and autoclaved peat

4 Infermation is a combincd analysxs of the same raw data obtained for
compatibility experiment (Table 4),
Means in the same column with the same letter are not significantly
different by Duncan's multiple range test (o = 0.05).




[image: image33.png]402 SOMASEGARAN

AppPL. ENVIRON. MICROBIOL.

TABLE 7. Quality and shelf life of peat inoculants prepared by the tray method compared with the aseptic method

Logo (no. of rhizobia/g of moist peat)? after storage for (weeks):
Log, (no. of rhizobia/ 5 12 24
Rhizobium sp. ml of culture); -
Autoclaved” Irradiated® Autoclaved Irradiated Autoclaved Irradiated
Undiluted® | Diluted” MPN | MFIF¢| CR, BG T CR,BG | MPN| CR,BG CR,BG |MPN| CR, BG
R. phaseoli 8.84 9.38,9.56 | 9.26" | ND' [9.26, ND |9.11, 8.68| 8.92 | 7.67, 8.03 | 8.55, 8.55 | 8.08 | 8.24,8.26
TAL 182
R. meliloti 8.91 6.67 [9.65,9.73|9.76"| 9.41 |9.75, ND |9.41,9.22| 8.84 | 8.48,8.35|9.29,9.17 | 9.39 | 9.15,9.08
TAL 380
Rhizobium sp. 9.13 6.81 [9.33,9.26|9.36" | 9.23 | 9.80, 9.76 | 9.41, 8.93] 9.69 | 9.41, 9.33 | 9.23, 9.08 | 7.42 | 9.08, 9.01
TAL 169
Rhizobium sp. 9.10 6.95 19.25,9.56 | 9.66" | 9.00 | 9.75, 9.63 | 9.20, 9.26 | 9.45 | 9.39, 9.48 | 9.22, 9.16 { 9.05 | 9.02, 9.02
TAL 651
Rhizobium sp. 9.18 6.70 |9.68,9.69 | 9.25/| 9.08 | 9.33,9.30 {9.51,9.39| 8.52 | 7.79, 7.87 [ 9.58,9.12 | 9.00 | 7.88, 7.76
TAL 82
R. japonicum 7.12 |9.62,7.21|9.25/| 9.38 | 9.72,8.76 | 9.64,9.44| 9.18 | 9.60, 9.42 |9.38, ND |9.05 | 9.00, ND
TAL 379

¢ Counts are means of three replications.

? Number of viable rhizobia in the liquid culture before incorporation into irradiated and autoclaved peat, respectively.

¢ Counts of inoculants prepared by the tray method with autoclaved peat.

¢ Counts of inoculants prepared by injecting undiluted culture into gamma-irradiated peat.

¢ CR, BG, Plate counts on CRYMA and BGYMA media, respectively.
/MPN counts by plant infection.

& MFIF counts.

% MPN counts in plastic growth pouches.

‘ ND, Not done.

/ MPN counts in enclosed seedling-agar tubes.

was significantly higher than in the autoclaved peat for all the
storage periods (Table 6).

In the combined analysis of the raw data from the factorial
experiment (Table 4), the order of strain performance was R.
Japonicum TAL 102 > Rhizobium sp. strain TAL 82 > R.
phaseoli TAL 182, regardless of peat source or method of
peat sterilization. The mean viable counts per gram of
inoculant, in order of strain performance, were log 9.23, log
8.92, and log 7.89 after 24 weeks of storage at 28°C.

The same analysis revealed that the peat from Argentina
was the most superior for the three Rhizobium spp., with a
mean viable count of log 9.0 per g of inoculant at the end of
the storage period. The mean counts in the other peat
samples were log 8.63 (United States), log 8.56 (Mexico),
and log 8.54 (Spain).

Inoculant preparation by the tray method. The quality and
shelf life of the inoculants produced by the tray method with
six Rhizobium spp. are summarized in Table 7. Enumeration
of the rhizobia in these inoculants was done by the spread
plate, MPN, and MFIF (done only on the 2-week-old inocu-
lants) methods. The counts at 2 weeks indicated that the
diluted cultures multiplied in the autoclaved peat in the
presence of contaminants which were introduced during the
septic mixing operation. The inoculants were still of accept-
able quality at 12 and 24 weeks, although higher counts were
observed at 12 weeks.

Even though the inoculants prepared by the tray method
were packaged immediately after mixing, the contaminant
increase was considerable, averaging from 35% (at 2 and 12
weeks) to 49% (at 24 weeks) of the CFU. The CFU clearly
distinguishable as those of the Rhizobium inoculant strain on
the basis of colony appearance on the plating medium were
further examined by immunofluorescence. Results of the
immunofluorescence examination were generally positive
with few negative reactions, but the number of examinations
(total of 15 CFU) for each replicated treatment was insuffi-
cient for quantitative analysis. An earlier experiment with

the tray method was abandoned because of very serious
contamination which resulted from not wearing sanitized
polyethylene disposable gloves during mixing. Scrupulous
cleaning of the hands before mixing in of the inocula was
inferior to sanitization provided by the polyethylene gloves.

Since plate and MPN counting techniques were routinely
used for the tray method to evaluate multiplication of the
rhizobia from diluted cultures, the reliability of these tech-
niques was examined. The data in Table 7 were analyzed for
correlation between plate counts (i.e., CRYMA versus
BGYMA) and between plate counts and MPN (i.e., CRYMA
versus MPN and BGYMA versus MPN). Results of both the
tray and aseptic methods were analyzed. The results were (i)
tray method, CRYMA versus BGYMA, r = 0.73 (P <
0.001); CRYMA versus MPN, r = 0.44 (not significant);
BGYMA versus MPN, r = 0.20 (not significant); and (ii)
aseptic method, CRYMA versus BGYMA, r = 0.98 (P <
0.001). These determinations were especially important in
accepting the data from plate counts which involved selec-
tive recognition of colonies of Rhizobium spp. in the pres-
ence of contaminants, particularly for the tray method. The
spot checks on single colonies by immunofluorescence fur-
ther supported the acceptability of the plate counts. The
MPN counts were not significantly correlated with the plate
counts on CRYMA or BGYMA. In the analysis, results of R.
Jjaponicum TAL 379 were not included because brilliant
green inhibited the growth of this strain, especially in the
young peat inoculants. The counts by MFIF were somewhat
lower than the counts obtained by other methods and
showed no significant relationship with those from the other
methods.

Low-temperature (4°C) storage of inoculants produced by
the tray method. Inoculants prepared by the tray method
were aged to 3 weeks and transferred to storage at 4°C for 23
weeks. A parallel experiment with the same Rhizobium spp.
in irradiated peat was set up. The data (Table 8) were
analyzed by a paired ¢ test, and the results indicated a
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TABLE 8. Influence of low storage temperature (4°C) and time (23 weeks) on the survival of rhizobia in inoculants prepared by the tray
and aseptic methods

Logyy (no. of rhizobia/g of peat)®

Rhizobium spp.

Autoclaved (tray method)

Irradiated (aseptic method)

MPN®

Initial® Final? Initial Final
R. phaseoli TAL 182 9.01 9.49, 9.31¢ 9.19, 9.20 8.27, 8.24 6.94, 6.59
R. meliloti TAL 380 9.85 9.97, 9.89 9.76, 9.71 9.42, 9.36 9.35,9.32
Rhizobium sp. TAL 169 9.58 9.44, 8.94 9.35, 8.96 10.00, 9.97 9.07, 9.05
Rhizobium sp. TAL 651 9.61 9.38, 9.41 8.59, 8.47 9.49, 9.61 9.33, 9.40
Rhizobium sp. TAL 82 9.25 9.73, 9.64 9.47, 9.46 9.42, 9.43 6.72, 6.82
R. japonicum TAL 379 9.03 9.88, 8.68 9.63, ND 9.98, 9.51 9.62, ND
Means 9.55 9.25 9.38 8.38

¢ Counts are mean of three replicatons.

¢ Viable counts of the 3-week-old inoculants (tray method only) by the plant infection (MPN) technique before storage at 4°C.
¢ Initial counts were taken after 3 weeks of storage at 28°C after which inoculants were immediately transferred to storage at 4°C for 23 weeks. Liquid cultures
were diluted for the tray method but not for the aseptic method with the irradiated peat.

4 Plate counts after 23 weeks of storage at 4°C.
¢ Plate counts on CRYMA and BGYMA, respectively.

significant (P < 0.001) overall decrease in the viability of the
rhizobia in the inoculants prepared by both the methods. The
data were also analyzed for correlation between plate counts
used in both methods. The results for the tray method were
as follows: initial counts, CRYMA versus BGYMA, r = 0.84
(P < 0.05); final counts, CRYMA versus BGYMA, r = 0.89
(P < 0.05). With the aseptic method the results were as
follows: initial counts, CRYMA versus BGYMA, r = 0.94 (P
< 0.05); final counts, CRYMA versus BGYMA, r = 0.99 (P
< 0.01).

Inoculant effectiveness. Inoculants of R. japonicum TAL
102, R. phaseoli TAL 182, and Rhizobium sp. strain TAL 82

TABLE 9. Plant inoculation tests for effectiveness of inoculants
prepared with diluted cultures of Rhizobium spp. and peat from
different countries

Inoculation Peat Dry wt of shoot (g)¢ with:
treatments and p_res?erill- R. japonicum R. phaseoli Rhizobium sp.
controls 1zation (TAL 102)  (TAL 182) (TAL 82)
Mexico A 3.37 2.75 0.73
G 3.48 2.42 0.81
Argentina A 3.41 2.90 0.80
G 3.34 3.40 0.91
Spain A 3.44 3.00 0.85
G 3.53 2.37 0.79
United States A 2.42 3.23 0.67
(Demilco) G 2.73 3.68 0.78
Peru A 2.44 ND¢ ND
G 2.30 ND ND
NifTAL G 2.74 2.81 0.88
inoculant?
Control 0.83 0.98 0.16
(uninoculated)
Control 4.18 6.00 1.79

(70 ppm of N)

“ Mean of three replications with two plants per replication; controls were
not included in the statistical analysis.

b A, Autoclaving; G, gamma irradiation.

“ ND, Not done.

¢ NifTAL multistrain inoculant prepared with undiluted cultures of Rhizobi-
um spp.

prepared with diluted cultures incorporated in autoclaved
and irradiated peat from the various countries were plant
tested. The results (Table 9) showed that the effectiveness of
the inoculants prepared with diluted cultures were not
significantly different from those of the multistrain inocu-
lants from NifTAL as measured by plant shoot dry weight.
Examination of nodule sections showed pink to red pigmen-
tation, indicative of effective symbiosis.

DISCUSSION

The potential for using diluted cultures of Rhizobium spp.
with autoclaved peat for inoculant production is demon-
strated in this investigation. The significance of using diluted
cultures lies in the fact that the Rhizobium spp. must
multiply and survive in high numbers in the presterilized
peat on introduction. On reaching maximum numbers, the
rhizobia should reflect characteristics parallel or similar to
those of strains in peat inoculants prepared in the normal
procedure whereby undiluted cultures and presterilized peat
are used.

The use of water as a suitable diluent without detrimental
effects, as evidenced in all the experiments described in this
work, has two interesting implications.

First, water brings out the intrinsic attributes of peat,
indicating that the peat samples used for inoculant produc-
tion are naturally self sufficient in the nutrients required for
multiplication and long-term survival of Rhizobium spp. in
the inoculants. However, the carry-over of unmetabolized
YM nutrients may not be ignored during initial stages of
multiplication, but long-term influence of nutrient carry-over
is probably negligible. The exact mechanisms of nutrient
extraction by the rhizobia from the peat during growth and
survival (especially during long-term storage) have not been
established, despite widespread speculations about nutrient
release from the peat during sterilization. The chemical
nature, array, and concentration of the constituent nutrients
and the influence of sterilization on their release and avail-
ability for growth and survival of Rhizobium spp. warrants
further research. It is conceivable that the peat environment
is more complex than is reflected by its basic chemical
composition (6). It was shown that undiluted and 1,000-fold-
diluted fully grown cultures of R. phaseoli TAL 182 and R.
Japonicum TAL 102 showed no differences in the survival or
shelf life of the inoculants in irradiated peat (16).

Second, the suitability of water as the diluent may have
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economic implications for inoculant production systems
with presterilized peat, in that sterilized water can be used
for diluting smaller volumes of fully grown cultures of
Rhizobium spp. before incorporation into autoclaved or
irradiated peat. Furthermore, diluting liquid cultures signif-
icantly reduces the size and capacity of expensive ferment-
ers and accessories needed for growing rhizobia without loss
in the production capacity of inoculant production plants. A
prototype system for producing inoculants with diluted
cultures and presterilized peat has been validated and will be
published elsewhere. The use of diluted cultures and
presterilized peat (autoclaved in polypropylene bags) may be
a cheaper option for small- to medium-scale inoculant pro-
duction compared with the use of undiluted cultures and
gamma-irradiated peat.

The wider applicability of the dilution technique is further
supported by its performance with peat from Mexico, Ar-
gentina, Spain, the United States, and Peru (Tables 4 and 6).
The slight differences in quality between inoculants pro-
duced with autoclaved and irradiated peat, although statis-
tically significant, should have no practical drawbacks, as
these inoculants had 10° rhizobia per g at manufacture and
10® rhizobia per g after 6 months of storage, thus meeting
quality requirements set for sterilized peat (13). This slightly
lower quality in inoculants produced with diluted cultures is
not related to the dilution process, as the difference has been
shown to occur with autoclaved peat and undiluted cultures
(14). Inoculants produced with water-diluted cultures and
presterilized peat (autoclaved or irradiated) did not suffer
from any lack of effectiveness of the rhizobia or indicate the
restriction of the method to any one peat or Rhizobium strain
(Table 9). Three R. japonicum strains and two slow-growing
cowpea-type Rhizobium strains were found to remain viable
and able to rapidly nodulate their respective hosts after being
stored in purified water at ambient temperature for a period
of at least 1 year (5).

Differences in multiplication and survival in autoclaved
peat (Table 2) were noted between R. japonicum TAL 102
and R. phaseoli TAL 182. Maximum populations of R.
Japonicum TAL 102 were not attained until 2 weeks longer
than those of R. phaseoli TAL 182. A similiar lag phase in
the multiplication was shown by Rhizobium sp. strain TAL
169 (Table 3). Such lag phases in multiplication in autoclaved
peat may be considered undesirable traits for potential
inoculant strains from the viewpoint of inoculant readiness
for distribution and incompatibility with autoclaved peat.
The reasons for the slower multiplication in autoclaved peat
by some rhizobia have not been established. These examples
of sensitivity of rhizobia to multiplication in autoclaved peat
may not be widespread, as high-quality inoculants of several
Rhizobium spp. were produced with autoclaved peat (19,
21).

Viability of the rhizobia during storage at 28 or 4°C after
maturation gave mixed results, indicating that there was a
strain preference for storage temperatures. Long-term stor-
age at 28°C usually results in a decline in the population, and
this was observed with all Rhizobium spp. in the peat
samples from the various countries. The decline in popula-
tion at 28°C was not related to use of diluted cultures, as
similar observations were made on rhizobia in peat
inoculants prepared with irradiated peat and undiluted cul-
tures (17). With peat after maturation at 28 to 30°C, low-
temperature (4°C) storage is generally more favorable for
survival than storage at higher temperatures, including those
at which growth would normally occur, e.g., 26°C (20).

Also, Thompson (20) reported that storage at 4°C was
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favorable to fast-growing Rhizobium strains, and survival of
slow-growing strains was superior at 26°C. Survival of
slow-growing strains such as CB 82 (for fine stem stylo), CB
627 (for Desmodium spp.), and CB 1024 (for Lablab
purpureus) was better at 28°C than at 4°C (12).

In this investigation, fast-growing strains of R. phaseoli
TAL 182 and TAL 1376 and Rhizobium sp. strain TAL 82
from Leucaena leucocephala indicated significant loss in
viability when stored at 4°C. Similarly, inoculants of slow-
growing Rhizobium sp. strain TAL 651 did not indicate good
storage characteristics at 4°C. Low-temperature storage was
not always detrimental, as two other strains Rhizobium sp.
strains TAL 169 and TAL 620 showed significant increases
in the population.

The experiment on the compatibility of the dilution ap-
proach for inoculant production with various peats and
strains indicated significant survival differences among Rhi-
zobium strains which could be related to the peat, method of
sterilization of the peat, and various interactions (Table 5).

Strain survival differences with various peats has been
well established (14). Marked Rhizobium-carrier interactions
were demonstrated with R. meliloti, R. japonicum, and a
cowpea Rhizobium sp. (18). Sterilization of peat by autoclav-
ing was inferior to gamma irradiation with three Rhizobium
spp. (14). Strains of R. japonicum and R. meliloti had
significantly higher population in peat presterilized by
gamma irradiation at 50 than at 25 kGr (19).

These data clearly demonstrate that the survival of Rhi-
zobium spp. in peat is influenced by various factors which
are common in inoculant production. As long as strain
differences and interactions do not severely limit multiplica-
tion and survival, leading to low-quality inoculants, any new
method of inoculant production should be considered feasi-
ble. Such a method is described in this investigation.

The general inference of the tray method (Table 7) of
inoculant production was that rhizobia in a water-diluted
culture (e.g., 10° to 107 cells ml~Y) were able to multiply to
high populations in autoclaved peat in the presence of low
numbers of aerial microorganisms introduced at the time of
mixing with the peat. Once the high populations were
attained, these populations survived like rhizobia in
inoculants produced by the normal procedure. The critical
factors thay may have influenced initial multiplication of
Rhizobium spp. were probably the brief period of peat
sterility, low numbers of introduced aerial microorganisms
relative to the high numbers of Rhizobium spp. present in the
diluted culture, the use of sanitized polyethylene gloves
during mixing, and the immediate packaging of the
inoculants. Posttreatment contaminants in gamma-irradiated
peat can occasionally reach levels of 107 per g, and even at
this level the survival of rhizobia is not seriously affected
(10). Survival of R. japonicum WBI in irradiated peat was
high (log 9.254 per g of inoculant) after 6 months of storage
at 27°C in the presence of contaminants (19). High-quality
inoculants can be produced with partially sterilized peat (4).
Keeping contamination to the lowest possible levels is the
best option for producing good-quality inoculants by the tray
method, and this is emphasized as a important prerequisite.
Specially constructed mixing cabinets which can be easily
fumigated or sterilized may be better than the regular labo-
ratory environment for the tray method of inoculant produc-
tion.

The close relationship (as measured by the correlation
coefficient, r) of the plate count data suggested that recog-
nition of Rhizobium colonies in the presence of contaminants
was not a severe problem in the enumeration of inoculants
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produced by the tray method, even though inclusion of
contaminants in the counts could not be entirely climinated.
‘The lower r values for the tray method in comparison with
that for the aseptic method indicated that the enumeration
may have been subject (0 errors introduced by inclusion of
contaminants. The lack of correlation between the standard
MPN (plant infection) counts as described by Vincent (23)
gave significantly lower estimates of Rhizobium numbers in
soil (3, and a modification of the standard MPN produced
higher and more defintive population cstimates (1). How-
ever, despite its inaccuracy, the standard MPN method was
useful in estimating the Rhizobium population relative (o
other methods used in the validation of the tray method for
inoculant production in this investigation. The MFIF tech-
nique used in this investigation gave comparable results in
relation o the other techniques, but it must be developed
further for its application in inoculant qualty control.
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A Medium-Scale Fermentor for Mass Culture of
Rhizobia

Inoculants for legumes are produced by blending a broth culture of the root nodule bacteria
thizobia with a suitable carrier material such as peat. A major consideration in inoculant
production is the mass culture of Rhizobia which is an important factor determining the scale
of production. Mass culture requires suitable fermentors. These must be simple enough to
allow for easy sterilization, access for inoculation and sampling, aeration and cleaning opera-
tions. A low-cost stainless steel fermentor for mass culture of rhizobia for medium-scale
commercial inoculant production is described here.

Description.

The complete assembly of the fermentor is shown in Figure 2. The main body of the fer-
mentor is a 141 liter (37.2 gallon) stainless steel pressure vessel modified to NifTAL's
specifications. The height:diameter ratio in 2.25:1. It is domed at the top and bottom and
held upright by a welded-on stainless steel skirt. The top dome has an oval opening in its
center with snap-type closure which uses a special O-ring seal. The following accessories
are also located on the top dome: steam pressure gauge (0-30 psi); pressure relief valve (15
psi, factory adjusted); aeration system with in-line filters for the intake and exit of sterile air;
inlet and outlet ports for water passage through the built-in stainless steel cooling coil. The
inoculation port, thermometer, and the sampling port are positioned in a vertical plane on
the wall of the vessel. The fermentor is situated on a sturdy steel support which also houses
298,000 BTU 4-ring gas burner.

Operation.

The NifTAL fermentor serves initially as an autoclave to sterilize the growth medium and later
for cell multiplication upon inoculation. The fermentor has a maximum working capacity of
100 liters. A standard yeast extract-mannitol medium is used for the growth of rhizobia. The
boiling point of the growth medium is reached after one hour with the gas burner turned to
maximum heat. An additional 45 minutes are required to reach 15 psi at 121 degrees C.
This pressure is maintained with low heat by controlling the burner. The medium is steril-
ized for 45 minutes. While the growth medium sterilization is in progress, the cotton pack-
ed pre-sterilized air inlet filter is attached. Following sterilization of the medium, steam
released through the air outlet tube will sterilize the glasswool packed outlet filter. Regular
tap water run through the cooling coil will drop the temperature to 30 degrees C within one
hour.

One liter of starter culture is aseptically introduced through the inoculation port. Aeration
is initiated by gradually letting in compressed air (5 psi) through the inlet filter. This sterile
air provides aeration as well as agitation for the growth of the rhizobia. Rhizobial growth can
be monitored by aseptically removing samples via the sampling port.

Production Potential.

Usually 1 liter of broth culture from the fermentor is blended with 1.5 kg of finely ground peat
1o give 2.5 kg of peat inoculant. Therefore, 100 liters of culture can be used to prepare 250
kg of inoculant. Commercial inoculation rates for large seeded legumes, e.g., soybeans, are
approximately 0.3 kg inoculant per 65 kg seed which provides 2.5 X 10° rhizobia per seed
Using these figures as guidelines, 250 kg of inoculant will for inoculate 54,166 kg of soybean
seed (good for planting 833 ha with soybean).

R Gabrielson

By Padma Somasegaran, Heinz J. Hoben, and Joe C. Burton

Figure 2. Fermentor Parts

Fermentor vessel(1); snap top closure (2);
steam pressure gauge (3); pressure relief
valve (4); air inlet assembly (5); air outlet as-
sembly (6); cooling coil (7);inoculation port
(8); thermometer (9); sampling port (10);
and gas burner (11).

*The NIfTAL Project (1000 Holomua Avenue, Paia, Maui, HI 96779- 9744 USA) is an agricultural research
project funded by USAID and is part of the Dept. of Agronomy and Soil Science, College of Tropical Agricul-

ture and Human Resources, University of Hawail.

**MIRCEN (Microbiological Resource Center) is a designation of the United Nations Educational, Scien-

tific and Cultural Organization.
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