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A collection of 74 rhizobial isolates recovered from nodules of the desert woody legumes Prosopis glandulosa,
Psorothamnus spinosus, and Acacia constricta were characterized by using 61 nutritional and biochemical tests.
We compared isolates from A. constricta and Prosopis glandulosa and tested the hypothesis that the rhizobia
from a deep-phreatic rooting zone of a Prosopis woodland in the Sonoran Desert of southern California were
phenetically distinct from rhizobia from surface soils. Cluster analysis identified four major homogeneous
groups. The first phenon contained slow-growing (SG) Prosopis rhizobia from surface and deep-phreatic-soil
environments. These isolates grew poorly on most of the media used in the study, probably because of their
requirement for a high medium pH. The second group of isolates primarily contained SG Prosopis rhizobia
from the deep-phreatic rooting environment and included two fast-growing (FG) Psorothamnus rhizobia. These
isolates were nutritionally versatile and grew over a broad pH range. The third major phenon was composed
mainly of FG Prosopis rhizobia from surface and dry subsurface soils. While these isolates used a restricted
range of carbohydrates (including sucrose) as sole carbon sources, they showed better growth on a range of
organic acids as sole carbon sources and amino acids as sole carbon and nitrogen sources than did other isolates
in the study. They grew better at 36°C than at 26°C. The FG Acacia rhizobia from surface-soil environments
formed a final major phenon that was distinct from the Prosopis isolates. They produced very high absorbance
readings on all of the carbohydrates tested except sucrose, grew poorly on many of the other substrates tested,
and preferred a 36 to a 26°C incubation temperature. The surface populations of Prosopis rhizobia required a
higher pH for growth and, under the conditions used in this study, were less tolerant of low solute potential and
high growth temperature than were phreatic-soil isolates. SG Prosopis rhizobia from phreatic and surface soils
were physiologically distinct, suggesting adaptation to their respective soil environments.

Deep-rooted woodland legumes such as Prosopis glandu-
losa (mesquite), Acacia constricta, and Psorothamnus spi-
nosus (smoke tree) often dominate plant communities in
Sonoran Desert ecosystems. Many woodland legumes form
nitrogen-fixing symbioses with rhizobia (1) and are sources
of fixed N to desert ecosystems that are characteristically N
limited (27). Because of their ability to fix N2 symbiotically,
woodland legumes such as Prosopis and Acacia spp. are
becoming important in agroforestry (6, 23). Optimized ex-
ploitation of these legumes depends on understanding the
ecology and physiology of the rhizobia which nodulate them.

Recently, Jenkins et al. (14) developed a collection of
indigenous fast-growing (FG) Rhizobium and slow-growing
(SG) Bradyrhizobium isolates from soils associated with the
distinct surface (depth, 0.6 m) and deep-phreatic (depth, 4 to
6 m) root systems of a Prosopis glandulosa woodland in the
Sonoran Desert of southern California. The two absorbing
root systems occur in contrasting soil environments. The
water content and temperature of the surface soil fluctuate
extremely (22), while the deep-phreatic-root environment is
constantly temperate and moist from the capillary rise of
water from the stable water table. Concentrations of soil
nutrients such as N and P are much higher near the surface
than they are in the deep-soil profile (30).

Historical evidence indicates that the establishment of this

* Corresponding author.
t Present address: Waldon Laboratories, Ripon, CA 95366.
t Present address: Systems Ecology Research Group, San Diego

State University, San Diego, CA 92182.

Prosopis woodland occurred between 200 and 500 years ago
(33) and that the surface- and phreatic-root systems have
been separated by 3 to 4 m of perennially dry soil for perhaps
a few hundred years (W. M. Jarrell and R. A. Virginia, J.
Arid Environ., in press). This dry soil layer would prevent
surface rhizobia from being transported to the phreatic zone
and interacting with the phreatic roots and associated rhizo-
bial symbionts. Thus, it is likely that the phreatic and surface
Prosopis rhizobia have been isolated from each other in
recent times. The populations from the two depths differ; SG
rhizobia predominate in the deep-root environment, while
FG and SG rhizobia have been isolated in equal numbers
from surface soil (14). In addition, colony morphologies of
the surface and phreatic SG populations differ.
The objectives of this study were to examine the pheno-

typic diversity of woodland rhizobia from undisturbed natu-
ral ecosystems and to determine the physiological bases for
the apparent distinction between populations of SG Prosopis
rhizobia from the surface- and phreatic-soil environments. In
this study, we measured responses to 61 nutritional and
other physiological tests of rhizobia nodulating woodland
legumes of the genera Acacia, Psorothamnus, and Prosopis.
Prosopis rhizobia from surface- and phreatic-soil environ-
ments were compared.

MATERIALS AND METHODS

Origin and maintenance of rhizobia. Rhizobia from the
woody legumes Prosopis glandulosa, Psorothamnus spino-
sus, and A. constricta used for this study are listed in Table
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TABLE 1. Rhizobium (FG) and Bradyrhizobium (SG) isolates from nodules of Prosopis glandulosa,
Acacia constricta, and Psorothamnus spinosus

Depth (m) of root Host Rhizobia Source
environment

O to 0.3 (surface) Prosopis glandulosa FG isolates: 1B, iF, 10A, 10C, 10D, 101, 10K, 27A, 27C, Inoculated seedlings (14)
27E; SG isolates: 1A, 1C, 1D, 1J, 10B, 10E, 10F, 10G,
10H, 27B, 27D

Prosopis glandulosa FG isolates: 3A, 4E, 6K Field nodules (14)
Psorothamnus spinosus FG isolates: 14A, 14B Field nodules (14)

0.2 to 0.3 (surface) Acacia constricta FG isolates: Al, A3, A4, A5, A12, A16, A18, A19, A21 Inoculated seedlings (31)

2.1 to 3.9 (intermediate) Prosopis glandulosa FG isolates: 17B, 17C, 22A, 22B, 22D, 22K; SG isolates: Inoculated seedlings (14)
17D, 17E, 22G, 221, 22J

3.9 to 4.5 (phreatic) Prosopis glandulosa FG isolates: 8D; SG isolates: 23E, 23F, 43A, 43B, 43D, Inoculated seedings (14)
43E, 8A, 8B, 8C, 8E, 8F, 81, 31A, 31B, 31D, 31F,
31G, 31H, 44A, 44D, 44F, 44G, 44H, 44J, 43C, 8G

1. The Acacia isolates were obtained from a rock and gravel
hillside in the Sonoran Desert of Pinal County, Arizona (31).
The Prosopis and Psorothamnus isolates originated from
Harper's Well in the Sonoran Desert of southern California
(14, 30). The study site at Harper's Well is in an extensive
Prosopis woodland with distinct surface (depth, 0 to 0.6 m),
intermediate (depth, 0.6 to 3.9 m), and phreatic (depth, 3.9 to
4.5 m) root zones. Fine roots capable of supporting nodules
are found in the surface- and phreatic-soil zones, while only
large conducting roots are present in the constantly dry
intermediate zone. Reference strains were Bradyrhizobium
sp. (Lupinus) ATCC 10319, Bradyrhizobium sp. (Lotus)
ATCC 10325 and 10326, Rhizobium leguminosarum biovar
trifolii ATCC 14480, and the Prosopis-nodulating strain
WR1001 (12).
The isolates were maintained on mannitol salts medium

containing the following, per liter: 10 g of mannitol, 1.0 g of
sodium glutamate, 0.2 g of MgSO4 7H20, 0.5 g of K2HPO4,
0.1 g of NaCl, 0.08 g of CaCl2- 2H20, 170 ,ug of Fe-EDTA,
14 ,ug of H3B03, 10 ,ug of MnSO4 4H20, 2 ,ug of
ZnSO4 7H20, 0.8 ,ug of CuSO4 5H20, 1 ,ug of
CoCI2 4H20, 0.5 ,ug of Na2MoO4 2H20, 10 mg of calcium
pantothenate, 10 mg of thiamine hydrochloride, 0.3 mg of
biotin, and 15 g of agar (13).

Nutritional and physiological characterization. For nutri-
tional and physiological characterization of isolates, NaCl,
CaC12, and all trace elements except Fe were omitted from
mannitol salts medium. The effects of temperature (26 and
36°C), added solute potential (-0.5, -1.0, and -1.5 MPa),
and pH (5, 6, 7, 8, and 9, obtained by adjusting it with H3PO4
or KOH) were tested. Solute potentials were obtained by
adding 200, 390, and 580mM sucrose to mannitol salts broth.
To measure growth on different compounds as the sole

carbon source, glutamate was replaced with 0.32 g of NH4C1
liter-1 and mannitol was replaced with the test substrate.
Adonitol, arabinose, cellobiose, galactose, glucose, glyc-
erol, lactose, mannitol, mannose, rhamnose, sorbitol, and
sucrose (3, 20) were added at 5.0 g liter-1. Sodium salts of
acetic, citric, formic, lactic, malic, malonic, pyruvic, and
succinic acids and glyoxylic, 2-ketoglutaric, and cis-oxal-
acetic acids were tested at 2 and 10 mM (28). Catechol and
the sodium salts of anthranilic, benzoic, and salicylic acids
were provided at 1.0 mM (21, 24).
The ability to use amino acids as the sole carbon and

nitrogen source was determined by replacing mannitol and
glutamate with alanine, cysteine, glutamic acid, histidine,

leucine, lysine, ornithine, proline, serine, or tyrosine at 1.0 g
liter-' (20). A carbon- and nitrogen-free control was also
tested.
Growth factor requirements were determined by replacing

the growth factors in the medium with (per liter) 30 ,ug of
p-aminobenzoic acid, 250 ,ug of calcium pantothenate, 60 ,g
of pyridoxine, 125 ,ug of thiamine, 5 jxg of biotin, 100 ,ug of
riboflavin, 3 ,ug of choline, and 10 mg of inositol (3). These
factors were then eliminated one at a time. A control
containing all of the growth factors and a growth factor-free
control were also included.
The media were filter sterilized and dispensed into flat-

bottom, 96-well tissue culture plates (0.25 ml per well).
Cultures were grown to the mid-exponential phase at 26°C,
washed, and diluted with 0.2 g of MgSO4 7H20 liter-1 and
0.5 g of K2HPO4 liter-' (pH 7.0) to 3 x 105 cells per ml, as
determined by a standard curve of absorbance against viable
counts.
Ten randomly selected isolates were tested in duplicate.

The isolates and three uninoculated blanks were randomly
assigned to plate wells. All wells (except for uninoculated
blanks) received 5 ,ul (1,500 cells) of inoculum from a
multipoint inoculator (Clonemaster). Plates were sealed, and
because of the wide range in doubling times between FG and
SG isolates, they were incubated for 22 days at 26°C to
ensure maximum yield. The A660 was then determined with
a spectrophotometer (Dynatech Laboratories, Inc., Alexan-
dria, Va.) that was blanked against air.
Data analysis. Growth yield was corrected for the absorb-

ance of plates and medium and expressed as 1,000 x A660.
Media on which no isolates grew (catechol and the substrate-
free controls) were not used in the analyses. Cluster analysis
was carried out by using Clustan 2 software (35) on a Cyber
176 computer. Absorbance data for each organism were
standardized to a mean of zero and a standard deviation of
1.0. Standardized data were used to calculate the squared
Euclidean distance between each pair of strains. The strains
were then clustered by using the Ward method (32), which
finds minimum variance spherical clusters. A distance coef-
ficient (two times the Euclidian distance) was used to com-
pare distances between and within clusters. Maximum like-
lihood factor analysis with orthogonal rotation was used to
interpret the tests which differentiated the major phena.
Sorted rotated factor loadings greater than 0.5 were used in
interpreting the results. BMDP 4M software (4) on a Cyber
170 computer was used for factor analysis.
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FIG. 1. Dendrogram of the woodland rhizobia examined based on Euclidean distance and grouped by the Ward method (32). Letters
before the isolate identification number indicate the source of the isolates: S, Prosopis surface-root zone; I, Prosopis intermediate-depth root
zone; P, Prosopis phreatic-root zone; F, field nodules; A, Acacia rhizobia; R, reference strains. The distance measure is two times the
Euclidean distance.

In order to determine differences between SG Prosopis
isolates from surface and phreatic soils, values for isolates
tested in duplicate were averaged to prevent weighting. The
growth yield data were incremented by a constant so that all
values were positive, and the logarithm was taken. A t test
was carried out on the transformed data by using Statview
512+ software (BrainPower, Calabasas, Calif.) on a Macin-
tosh SE computer (Apple Computers).

RESULTS AND DISCUSSION

The rhizobial collection in this study segregated into six
distinct groups, as shown in the dendrogram (Fig. 1). Within
phena, distance coefficients ranged from 1.6 (phenon 1) to
4.9 (phenon 6), while between-phena distances were greater
than 8.9. With the exception of the two cultures of A16, the
other nine duplicate cultures tested fell into identical phena,
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indicating the overall consistency and reproducibility of the
tests.
Phenon 4 contained only isolate 8D, the sole FG Prosopis

isolate obtained from the phreatic-soil environment. Phenon
5 contained one of the cultures of A16 and the FG reference
Rhizobium leguminosarum biovar trifolii strain. The charac-
teristics of these small groups were not examined in detail.
None of the major phena utilized anthranilate or salicylate

as the sole carbon source or histidine or serine as the sole
carbon and nitrogen source. The growth responses of the
four major phena (Table 2) were summarized in three main
factors (Fig. 2). Factor 1 represented growth on nonrestric-
tive carbohydrate-based media (all sugars except sucrose,
pH 6 to 8, temperature, growth factor, and osmotolerance
tests); on 10 mM lactate, succinate, and malonate as sole
carbon sources; and on alanine and proline as sole carbon
and nitrogen sources. Phenon 1 grew poorly on these media
compared with the moderate growth responses of phena 2
and 3 and the very high yields of phenon 6. Factor 2
represented the use of sucrose, several organic acids (2 mM
acetate, citrate, formate, glyoxalate, 2-ketoglutarate, malate,
malonate, and pyruvate and 10 mM formate), and benzoate
as sole carbon sources and the use of ornithine, cysteine,
and tyrosine as sole carbon and nitrogen sources. Factor 3
represented growth on additional organic acids (10 mM
glyoxalate, 10 mM 2-ketoglutarate, 2 mM lactate), on ben-
zoate (the only substrate contributing strongly to more than
one of the three factors), and on glutamate and lysine as sole
carbon and nitrogen sources. Higher yields on these media
allowed factors 2 and 3 to separate isolates in phenon 3 from
the other isolates. Factor 3 also helped separate isolates in
phenon 2 from the poorly growing isolates in phenon 1.
Phenon 1 contained SG Prosopis isolates from all three

soil depths and the Prosopis reference strain WR1001 (Table
3). As discussed above, these isolates grew poorly on many
of the media which favored growth of isolates in the other
phena. The low yield of isolates in this group may be
explained by a preference for alkaline pH. While they
showed virtually no growth in medium with an initial pH of
6, their yield was comparable to that of the other groups at
high pH. All of the SG rhizobia tested by Moffett and
Colwell (20) grew at pH 4.0. The apparent osmosensitivity
and low growth yields of the isolates in phenon 1 require
retesting at a higher pH.
Phenon 2 was heterogeneous in origin, containing the two

FG Psorothamnus isolates; 5 FG and 21 SG Prosopis iso-
lates; and the SG reference strains ATCC 10139, ATCC
10325, and ATCC 10326. Most of the FG isolates in this
phenon formed a subgroup with the reference strains. Al-
though the Bradyrhizobium reference strains were phenotyp-
ically similar to the Psorothamnus and Prosopis isolates in
this phenon, Lieberman et al. (18) have reported data
indicating that Prosopis is not a compatible host for these
Bradyrhizobium species. The two Psorothamnus rhizobia,
on the other hand, effectively nodulated Prosopis glandulosa
(15).

Isolates in phenon 2 grew well on mannitol-based, gluta-
mate-containing medium, poorly on other sugars tested with
NH4Cl as the N source, and moderately well on a few
organic acids. With the inclusion of 0.1 g of yeast extract
liter-' in the medium, Stowers and Elkan (29) found that SG
cowpea rhizobia grow well on all these sugars except for
sucrose and lactose. In contrast to the other predominantly
SG group, phenon 1, initial pH values from 6 to 9 allowed
growth of isolates in phenon 2.
FG Prosopis rhizobia predominated in phenon 3, which

TABLE 2. Growth yields of major phena on test media

Growth yield (1,000 x A6.) (mean ± SD) of the
Test following phena (no. of isolates):

1 (28) 2 (32) 3 (11) 6 (14)

Adonitol
Arabinose
Cellobiose
Galactose
Glucose
Glycerol
Lactose
Mannose
Rhamnose
Sorbitol
Sucrose
Acetate, 2 mM
Acetate, 10 mM
Citrate, 2 mM
Citrate, 10 mM
Formate, 2 mM
Formate, 10 mM
Glyoxalate, 2 mM
Glyoxalate, 10 mM
Ketoglutarate, 2 mM
Ketoglutarate, 10 mM
Lactate, 2 mM
Lactate, 10 mM
Malate, 2 mM
Malate, 10 mM
Malonate, 2 mM
Malonate, 10 mM
Oxalacetate, 2 mM
Oxalacetate, 10 mM
Pyruvate, 2 mM
Pyruvate, 10 mM
Succinate, 2 mM
Succinate, 10 mM
Benzoate
Alanine
Cysteine
Glutamate
Leucine
Lysine
Ornithine
Proline
Tyrosine
Growth factor-free
Choline-free
Pyridoxine-free
Thiamine-free
All growth factors
Sucrose, -0.5 MPa
Sucrose, -1.0 MPa
Sucrose, -1.5 MPa
pH 5
pH 6
pH 7
pH 8
pH 9
260C
360C

5 27 38 ± 64 50 ± 62 319 ±112
15 52 31 ± 48 17 36 235 ± 69
5 22 27 ± 49 94 109 250± 107
12 36 38 ± 58 73 128 357 ± 75
31 83 47 ± 92 4 8 380 ±130
11 35 55 ± 84 85 101 372±105
13 36 38 ± 67 13 ±25 218 ± 52
9 ± 60 44 ± 106 42 87 284 ± 84
11 ± 30 65 ± 105 99 ± 110 321 ±125
37 ± 104 76 ± 114 130 ± 120 419 ±125
3±13 3±19 59±29 1±7
7 ±13 20 ± 11 66 ± 26 14 ± 5
32 ± 28 58 ± 13 81 ± 35 62 ± 18
3 ±10 15 ± 27 57 ± 38 4± 19
0 ± 5 28 ± 57 18 ± 30 15 ± 66
2 ± 4 18 ± 24 69 ± 32 14 ± 29
3 ± 6 19 ± 18 59 ± 36 12 ± 22
1 ± 4 8 ± 23 59 ± 55 9 ± 12
8 ± 8 43 ± 14 66 ± 23 25 ± 22
3 ± 9 16 ± 17 60 ± 21 7 ± 16
44 ± 40 104 ± 39 157 ± 31 45 ± 55
50 ± 31 74 ± 30 96 ± 27 74 ± 35
51 ± 47 105 ± 33 106 ± 33 252 ± 61
17 ± 11 26 ± 19 43 ± 13 22 ± 12
56 ± 26 57 ± 21 66 ± 14 68 ± 25
3 ± 8 15 ± 12 60 ± 19 21 ± 13
16 ± 29 30 ± 29 90 ± 37 87 ± 17
-1 ± 8 8 ± 13 26 ± 22 14 ± 7
64 ± 24 70 ± 20 84 ± 32 64 ± 14
6 ± 7 18 ± 9 26 ± 12 15 ± 10
65 ± 27 92 ± 19 90 ± 34 71 ± 31
54 ± 16 50 ± 19 48 ± 8 48 ± 22
47 ± 73 97 ± 61 147 ± 53 262 ± 39
1 ± 4 0 ± 11 40 ± 24 3 ± 21

20 ± 43 37 ± 44 130 ± 22 197 ± 58
3 7 5 ± 7 23 ± 13 7 ± 6
60 58 104 ± 29 147 ± 65 105 ± 35
7 28 44 ± 34 135 ± 55 34 ± 34
9 38 16 ± 35 32 ± 40 23 ± 51
0 5 0 ± 5 20 ± 28 -1 ± 4
10 39 37 ± 58 38 ± 60 188 ± 57
4 10 5 ± 7 55 ± 36 9 ± 6

71 53 298 ± 117 354 ± 153 570 ± 101
105 ± 98 355 ± 145 316 ± 188 614 ± 101
198 ± 171 326 ± 138 389 ± 201 548 ± 130
100 68 286 88 313 ± 130 568 ± 118
122 62 273 79 296 ± 116 526 ± 136
38 59 176 58 178 ± 93 385 ± 129
40 71 209 79 238 ± 146 365 ± 121
15 ±49 176 72 175 ± 55 386 ± 135
6±31 36 114 2±5 9±46
11 42 181 84 199 ± 185 512 ± 186

165 78 249 86 259 ± 118 458 ± 151
275 94 299 140 347 ± 101 495 ± 143
296 99 320 107 449 ± 134 439 ± 167
118 ± 102 290 81 296 ± 110 566 ± 93
102 ± 172 222 ± 130 366 ± 141 744 ± 146

contained all of the FG isolates from intermediate soil depths
and two FG surface-soil isolates. This group was differenti-
ated from the others by growth on a variety of organic and
amino acids. The rhizobia in phenon 3 did not utilize lactose,
arabinose, or glucose. This was the only phenon to grow,
albeit poorly, on an aromatic compound (benzoate) as the
sole carbon source. Like the isolates in phenon 1, these
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FIG. 2. Factor analysis of four main phena of desert woodland
rhizobia. Tests contributing to the three major factors are described
in the text.

isolates responded strongly to an increased initial pH of the
medium; however, they did grow at pH 6. Rhizobia in
phenon 3 grew better at 36°C than at 26°C (P < 0.05).
FG Acacia rhizobia predominated in the remaining major

group, phenon 6, which also included four FG Prosopis
rhizobia from surface-soil environments. The extremely high
absorbance readings obtained for this group on some media
may have resulted from extracellular polysaccharide produc-
tion because of the high carbohydrate concentration and
long incubation time. High growth yields were obtained for
phenon 6 isolates on all but one of the carbohydrates tested.
Unlike most FG rhizobia, which use sucrose as the sole
carbon source (7-9, 20), isolates in phenon 6 failed to grow
on this substrate. The response of phenon 6 isolates to
organic acids was generally weaker than that of the other
predominantly FG group, phenon 3. As in phenon 3, growth
was better at 36°C than at 26°C (P < 0.05). Whereas FG

TABLE 3. Distribution of FG and SG rhizobia within phena by
host and soil environment of origin

No. of isolates in the
Host Soil zone and following phena:

rate of growth
1 2 3 4 5 6

Prosopis glandulosa Surface
FG 0 5 2 0 0 4
SG 10 1 0 0 0 0

Intermediate
FG 0 0 6 0 0 0
SG 4 0 1 0 0 0

Pheatic
FG 0 0 0 1 0 0
SG 9 20 0 0 0 0

Psorothamnus spinosus Surface
FG 0 2 0 0 0 0
SG 0 0 0 0 0 0

Acacia constricta Surface
FG 1 0 0 0 1 8
SG 0 0 0 0 0 0

isolates from Acacia cyanophylla and Acacia melanoxylon
effectively nodulated Prosopis chilensis (11), the isolates
from A. constricta failed to nodulate Prosopis glandulosa
(31). This observation is, however, consistent with the high
degree of host specificity reported in other Acacia species
(5).
Phena 1 and 2 were predominantly SG rhizobia, while

strains in phena 3 and 6 were almost all FG rhizobia.
Whereas FG rhizobia generally have been reported to utilize
a larger number of substrates than do SG rhizobia (2, 9, 26),
the number of compounds used as the sole C source did not
differ between the SG and FG woodland rhizobia examined
in this study. However, the FG phena did grow on more
amino acids as the sole C and N sources than did the
predominantly SG phena. In contrast to the results of two
previous studies (10, 19), our data indicate the FG rhizobia
may be more tolerant of high temperatures than the SG
rhizobia are. FG rhizobia in phenon 3 and the FG Acacia
rhizobia in phenon 6, which were predominantly from sur-
face-soil environments, grew better at 36°C than at 26°C. The
only FG Prosopis isolate from the phreatic-soil environment
failed to grow well at 36°C. The high growth optima of the
FG rhizobia may indicate adaptation to the high tempera-
tures often reached in the surface soils (34) from which most
of the FG rhizobia in this study originated (Table 3).
The major phena.shared several common characteristics.

Growth yields on favored organic acids were comparable to
yields with carbohydrates as the sole carbon sources, espe-
cially among the Prosopis rhizobia. This is in contrast to
results obtained by Skotnicki and Rolfe (28), who generally
obtained much better growth in carbohydrate-containing
media than on media in which organic acids were the sole
carbon sources. The Prosopis rhizobia showed a better
response to organic acids than did cowpea rhizobia (29). In
contrast to rhizobia from legumes in the Canadian high arctic
region (25), most of the woodland rhizobia examined in this
study grew with oxalacetate as the sole carbon source.
Growth of the tree rhizobia on pyruvate is consistent with
previous reports on a variety of rhizobia (8, 25, 28).
The general inability of the rhizobia tested in this study to

grow on aromatic compounds was unusual. Muthukumar et
al. (21) reported that all but one of the FG rhizobia they
tested grew on salicylate. In another study, only one FG
rhizobial strain, but all of the SG rhizobia tested, utilized
anthranilate (24).
None of the major phena was dependent on growth

factors. Because of contamination of some of the growth
factor media, results were obtained for the elimination of
only choline, pyridoxine, and thiamine; however, all phena
grew well in vitamin-free mannitol salts medium compared
with growth in the fully supplemented medium or media
from which a single growth factor was eliminated. Growth
factor responses and requirements vary within rhizobial
species (3, 9, 29), and the possibility that some isolates
within phena responded to growth factors cannot be ruled
out.
The isolates generally tolerated -1.5 MPa of sucrose in

the medium. The FG rhizobia from dry surface soil environ-
ments were no more tolerant of low solute water potentials
than were SG rhizobia from the moist deep-phreatic-soil
environment. The major phena grew well at initial medium
pH values of 8 and 9, reflecting their adaptation to the
neutral to alkaline soils characteristic of the Sonoran Desert.
Based on the distribution of colony types, surface and

deep SG rhizobial populations from the Harper's Well mes-
quite woodland are distinct (14). Within both SG and FG
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TABLE 4. Comparison of SG mesquite rhizobia from surface
and phreatic soils

Growth yield
Test (1,000 X A66o) on: p

Surface soil Phreatic soil

Nutritional
Formate, 2 mM 3 11 0.0080
Succinate, 10 mM 34 78 0.0060
All growth factors 132 247 0.0030
Pyridoxine-free 169 329 0.0004
Thiamine-free 98 246 0.0012
Growth factor-free 96 229 0.0050

Physiological tolerances
Sucrose, -0.5 MPa 20 140 0.0001
Sucrose, -1.0 MPa 22 174 0.0001
Sucrose, -1.5 MPa 22 114 0.0001

pH 5 0 8 NSa
pH 6 13 112 0.0003
pH 7 143 235 0.0041
pH 8 290 276 NS
pH 9 321 322 NS

260C 121 259 0.0007
360C 38 207 0.0002

a NS, Not significant.

Prosopis rhizobia, isolates from the surface and intermediate
(nonphreatic) soil environments tended to group separately.
Although cluster analysis did not completely resolve Proso-
pis rhizobia from surface and phreatic environments, SG
isolates from the two soil depths differed phenotypically
(Table 4). The surface isolates were sensitive to acid pH,
with decreased growth at pH 7 and below. Surprisingly, they
also appeared to be less osmotolerant than the phreatic
isolates were and grew poorly at 36°C, but these physiolog-
ical differences may reflect the fact that tests were carried
out at a pH level which stressed the isolates.
Recent studies have indicated that large populations of

free-living rhizobia, nodulation, and N2 fixation associated
with Prosopis occur at depths (1 to 10 m) that are seldom
studied (16, 30) and that the distributions of FG and SG
symbionts vary with ecosystem type and soil depth (17). The
tree rhizobia examined in this study from phreatic and
nonphreatic (surface and intermediate depth) soil environ-
ments and from the Prosopis and Acacia hosts segregated
into distinct groups. Although isolates within phena ap-
peared to be phenotypically homogeneous, analysis of DNA
restriction fragment length polymorphisms of selected
Prosopis rhizobia indicates genetic diversity within phena
(P. M. Thomas, K. F. Golly, R. A. Virginia, and J. W.
Zyskind, unpublished data).
The spatial and temporal separation of the surface- and

deep-soil rooting systems of mesquite has resulted in the
development of distinct rhizobial populations. Thus, the
phreatophytic mesquite system provides a model for study-
ing the ecological differences between SG and FG rhizobia
(14), as well as the divergence of natural rhizobial popula-
tions exposed to different soil environments while under the
influence of a single host plant. The major phena formed by
the rhizobia examined in this study were quite distinct,
representing both Rhizobium and Bradyrhizobium species.
Additional studies are needed to determine the taxonomic
positions of these organisms.
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