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Inoculation of alfalfa seeds with any of three recombinant strains of Sinorhizobium meliloti significantly
increased overall plant biomass compared with inoculation with the wild-type strains over a 3-year period at
three locations. A high proportion of nodules were occupied by the inoculum strains throughout the 3-year

period.

A number of approaches to the improvement of leguminous
plant production have been attempted by altering the ability of
root nodule bacteria to fix nitrogen. An approach to construct-
ing bacterial strains with enhanced nitrogen fixation capabili-
ties was described recently by Bosworth et al. (1) and Ronson
et al. (3). Bosworth et al. described the construction of eight
recombinant strains of Sinorhizobium meliloti by Biotechnica
Corp. and presented the seeding year (1992) biomass yield
results from alfalfa inoculated with those strains. These yield
trials were planted at Arlington, Hancock, Lancaster, and
Marshfield, Wis. Bosworth et al. (1) found that the addition of
nifA or dctABD enhanced alfalfa yield response, in the seeding
year, under nitrogen-limiting conditions. Characteristics of the
strains field tested in this work are outlined in Table 1.

Because alfalfa is a perennial crop it was necessary to de-
termine the long-term effects of the recombinant strains on dry
matter yield, forage nitrogen content, and nodule occupancy,
and field studies were continued at the Lancaster and Marsh-
field sites through 1994 and at Hancock through 1995 (Tables
2 to 4). The Arlington site was dropped after the seeding year
as a result of extensive winter kill. Most yield effects seen in
this experiment can be related to the inoculum strains. How-
ever, the Hancock yield in 1993 was depressed by leaf disease

TABLE 1. Relevant characteristics of the S.

pressure following heavy rains during that summer. The yield
at Marshfield was much lower than at other locations because
a low proportion of nodules were occupied by the inoculum
strains at that site.

Three engineered strains caused an alfalfa yield increase
over plants inoculated with wild-type strains for all sites and all
years. These strains were RMBPC-2, and to a lesser extent,
strains RMB7240 and RMB7201. The effects of RMB7240 and
RMB7201 are surprising, and analysis of the results suggests
that the combined effects of the cassettes and the sites of
cassette introduction were more important symbiotically than
the cassettes alone.

The ) cassette provides streptomycin and spectinomycin
resistance to all engineered strains except RMB7240. When
placed into the inositol locus in strain RMB7201, this cassette
caused an increase in alfalfa yield over wild-type levels. When
the () cassette was combined with the nitrogen-fixing gene nifA
in strains RMB7103 and RMB7203, no yield effect was appar-
ent regardless of the insertion site. The Q/nifA/dctABD cas-
sette inserted into the inositol locus in strain RMBPC-2 caused
the greatest observed yield increase. In contrast, when the ()
cassette was combined with the dct genes in the P3 site, the
cassette decreased yield. Because of the different effects of the

meliloti strains used in alfalfa field trials”

Inoculant strain 1:?:;[11: S;;eodtygpeengsf Intesg;itlon Yield phenotype in relation to the parent
PC None None Wild type
RMB7201 PC Q Inositol Increase
RMB7203 PC nifA/Q) Inositol No change
RMB7240 PC nifA/Km" P3 Increase
RMBPC-2 PC dctABD/Q/nifA Inositol Increase
RCR2011 None None Wild type
RMB7103 RCR2011 nifA/Q Inositol No change except decrease at Marshfield
RMBI138Q 710A RCR2011 dctABD/Q) P3 Decrease at Marshfield and Hancock
RMB139Q 710B RCR2011 2 (dctA/€)) P3 Decrease at Hancock

“ The construction of the strains was as described in Bosworth et al. (1994).
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TABLE 2. Yield of alfalfa inoculated with wild-type rhizobia strains
and the genetically engineered derivatives at Hancock, Wis.

Yield (Mg of dry forage/ha) during:

Strain
1992 1993 1994 1995 1992-95

RMBPC-2 10.08a 6.51a 11.61ab 10.0l1ab 38.21a
RMB7240 9.32b 6.20ab 12.03a 10.16a 37.71a
RMB7201 9.20b 6.11ab 11.58ab 10.07a 36.96abc
RMB7203 9.12b 5.98ab 11.41b 9.77ab  36.27bc
PC 8.93bc 6.08ab  11.23b 9.82ab  36.06¢
RMB138Q710A 8.93bc 5.92b 11.58ab 9.80ab  36.22¢
RMB1390710B 8.98bc 6.44ab  11.20b 9.56b 36.19¢
RMB7103 8.98bc 6.37ab 11.95a 10.16a 37.47ab
RCR2011 9.40b 6.43ab 11.70ab 10.02a 37.55ab
Uninoculated 8.55¢ 6.09ab 11.79ab 9.96ab  36.40bc

LSD? 0.52 0.53 0.53 0.45 1.28

cv.C 6.81 10.30 5.51 5.45 4.16

“ Yield results followed by the same letter within a year are not significantly
different at the 10% level of confidence as determined by Tukey’s least-signifi-
cance test.

b LSD, least significant difference (10% level of confidence).

¢ c.v., coefficient of variance (%).

various () cassettes in regard to their insertion point, it appears
that interruption of the bacterial inositol site is beneficial to the
host plants, while the () cassette itself may have no beneficial
effect on yield.

It was expected that addition of the nif4 gene to the engi-
neered bacterial strains would increase the nitrogen-fixing po-
tential of the microsymbionts and therefore increase plant
biomass. To test this hypothesis, strains RMB7201 and
RMB7203 were designed with the cassettes (0 and Q/nifA,
respectively, in the inositol locus. Strain RMB7240 was de-
signed with the cassette nif4/Km" in the P3 site. The yield
comparison of plants inoculated with those strains showed
that, when inserted into the inositol site, the nif4 gene seemed
to have very little effect on yield. The exception occurred with
strain RMB7103 at the Marshfield site where a decrease in
yield was noted. In contrast, insertion of nif4/Km" into the P3
site increased yield overall.

TABLE 3. Average yield of alfalfa inoculated with wild-type
rhizobia strains and the genetically engineered derivatives over three
sites (Hancock, Lancaster, and Marshfield) and 3 years®

Yield (Mg of dry forage/ha) during:

Strain
1992 1993 1994 1992-94

RMBPC-2 6.46a 8.06a 10.83b 25.35a
RMB7240 6.15b 7.84abc 11.19a 25.18ab
RMB7201 6.14bc 8.08a 10.85b 25.07ab
RMB7203 6.05bc 8.01abc 10.66b 24.72bc
PC 5.98bc 7.74bc 10.72b 24.44c¢
RMB138Q710A 6.02bc 7.77bc 10.66b 24.45¢
RMB139Q710B 5.84d 8.06a 10.62b 24.52¢
RMB7103 5.87c 7.97abc 10.89b 22.73bc
RCR2011 6.11bc 8.04ab 10.72b 24.87abc
Uninoculated 5.89bc 7.81abc 10.79b 24.49¢

LSD? 0.27 0.27 0.27 0.48

cv.e 9.54 7.24 5.19 4.73

“Yield results followed by the same letter within a year are not significantly
different at the 10% level of confidence as determined by Tukey’s least-signifi-
cance test.

> 1LSD, least significant difference (10% level of confidence).

€ c.v., coefficient of variance (%).
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TABLE 4. Average annual yield of alfalfa from 1992 to 1994
inoculated with wild-type rhizobia strains and the genetically
engineered derivatives at Hancock, Lancaster, and Marshfield, Wis.“

Yield (Mg of dry forage/ha) at:

Strain
Hancock Lancaster Marshfield All sites

RMBPC-2 9.40b 9.73a 6.22abc 8.45a
RMB7240 9.18bc 9.68ab 6.31ab 8.39ab
RMB7201 8.97cd 9.70ab 6.41a 8.36ab
RMB7203 8.84cd 9.53ab 6.36a 8.24bc
PC 8.75de 9.44b 6.25abc 8.14c
RMB138Q710A 8.81d 9.61ab 6.02bc 8.15¢
RMB139Q710B 8.88cd 9.30bc 6.34ab 8.17c
RMB7103 9.10c 9.55ab 6.08bc 8.24bc
RCR2011 9.18bc 9.34bc 6.36a 8.29abc
Uninoculated 8.81d 9.46ab 6.23abc 8.16¢

LSD? 0.27 0.27 0.27 0.16

cv.’ 4.63 4.16 5.72 6.91

“Yield results followed by the same letter within a year are not significantly
different at the 10% level of confidence as determined by Tukey’s least-signifi-
cance test.

> 1LSD, least significant difference (10% level of confidence).

¢ c.v., coefficient of variance (%).

The dctABD genes include the regulation and structural
genes necessary for bacteroid uptake of C4-dicarboxylic acids
from the plant. These genes, inserted into the inositol locus,
caused the largest observed increase in plant biomass. How-
ever, when inserted into the P3 site, dctABD and 2 (dctA)
caused yield decreases. These results represent the strongest
evidence that the inositol site may not be symbiotically silent.
Unfortunately, these results do not allow us to determine
whether addition of the dctABD genes are beneficial to yield.
The amount of nitrogen per plot increased where yield in-
creased, but in no case did we see an increase of nitrogen
concentration in the harvested plant tissue.

Another significant and somewhat surprising result of this
work was the observation that newly formed alfalfa nodules
were occupied by the original inoculum strains up to 4 years
after inoculation. Very little work has been done on nodule
occupancy of perennial legumes over two or more seasons.
Jenkins and Bottomly (2) showed that identical isolates of S.
meliloti occupied alfalfa root nodules in 1980 and 1982. Our
data show that at Hancock, nodule occupancies by the recom-
binant derivatives of PC were very high for 3 of 4 years, while
the RCR2011 derivatives were found to occupy nodules only in
low numbers after 2 years (Fig. 1A). Similarly, at Lancaster
where nodule occupancy was examined for 3 years, the PC
derivatives were capable of occupying a large number of nod-
ules for all 3 years, while RCR2011 and its derivatives were
uncommon occupants of nodules in the third year (Fig. 1B). At
Marshfield where the indigenous rhizobial population was
large (1), the nodule occupancy was very low even during the
seeding year (Fig. 1C). This experiment demonstrates that
inoculant strains are capable of nodulating a perennial plant
for up to 4 years in the absence of a large indigenous popula-
tion.

The yield increases observed in this work from RMBPC-2
(3.8%), RMB7240 (3.1%), and RMB7201 (2.7%) over the
three sites and the 3- and 4-year periods were small but sta-
tistically significant. Whether these increases are sufficient to
encourage the use of these strains in agriculture depends on
many economic factors. At current Wisconsin hay prices, the
yield difference at Hancock between alfalfa inoculated with
PC-2 and PC over the 4 years of this experiment would have
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FIG. 1. Percent nodule occupancies at Hancock (A), Lancaster (B), and Marshfield (C) over 4- or 3-year periods for all inoculated strains except wild-type PC.
Occupancy for strain RMB7240 was tested on kanamycin (150 pg/g). All other strains were tested on streptomycin (100 pg/g) and spectinomycin (100 pg/g).

Uninoculated controls are shown in the last two column sets.

been worth about $237 per hectare. The yield data presented
here are interesting for their implication that inositol utiliza-
tion by the microsymbiont may be detrimental to alfalfa yield,
but they should also be taken as a warning that insertion of
genetic material into poorly characterized chromosomal loci
may have unexpected consequences.
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