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Increasing Nitrogen Fixation of the Groundnut
by Strain and Host Selection

J. C. Wynne, G. H. Etk--» and T.J. Schneeweis*

As the cost of mitrogen fertihzer derived from
fossilfuels continuestorise, biologica! nitrogen
fixation will become more imiportant for the
continued productivity of 1gncultural crops In
the :mmedate future successful increases in
<iologica mitrogen fixation most likely will
come from .mprovements in the symbiotic
fixaticn by ‘equmes

Grounanuts tArachis hypcgaea L). since
they ara grown on abou. 18 miltion hectares in
87 countr.es should contribute to the increase
i dinitrogen fixed increasesin dinitrogen fixed
by groundnuts can he accomphished by the
setection of more etfective sirains of Rhizobium
and or setection of more efficent host plants

Selection of Effective
Strains of Rhizobium

Groundnuts are a member of the cowpea
cross-mnoculation group Rhizabraisolated from
a diverse group of lequmes are capable of
nodulating groundnuts (Burnill and Hansen
1917 Walker 1928; Carroll 1934 Raj 1936.
Mostafa a..d Mohmoud 1951; Berenyi 1962;
Rajagupalan and Sadasivan 1964; Doku 1969:
Gaur et al 1974a) Not all rhuzobial strains are
equally effective in fixing nitrogen in symbiosis
with grou-dnuts tAllen and Allen 1940; Collins
1943, Erdman 1943; Bereny: 1962. Denarie
1968: Vidyasekaran et al 1973, Dadarwal et al
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1974: Weaver 1974). Therefore, effective rhizo-
bial strains should be identified and used to
inoculate groundnuts to ensure an eftective
symbiosis (Erdman 1943; Schiffmann 1961;
Schiffmann and Lobel 1970; Gaur et al. 1974a;
Lopes et al 1974; Weaver 1974, Burton 1976)
However, to be useful, effective strains must
survive in and colonize the soil into which they
are 'rtroduced. Unfortunately many effective
strains have been unaple 10 survive and
colomize under field conditions (Schiffmann
1961: Shimshi et al 1967; Schiifmann and Alper
1968b: Pant =»nd Iswaran 1970; Gaur et al
1974b: Iswaran and Sen 1974 Kumara Rao et al
1974; Introduced strains whic.. survive must
also e ableto compete for infection s.tes onthe
root with less effactive nauve strains Fre:
quently introduced strains 2r2 not very cor-

" petitive (Berenyi 1962: Denane 1968)

Significant responses to inoculation with ef-
fecuive strains have largely been restrictec 1o
controlled conditions (Chomchalow 1971, and
field expefiments on virgin grounanut soils
(Duggar 1935t Collins 1943 Schiffmann
1961 Berenyi 1962; Shimshi et al 1967;
Schiffmann and Alper 1968a.b; Denarie 1968;
Burton 1976} When inoculation with effective
strains has been successful, the result has been
increased yields of fruit, plant dry matter, noau-
lation, percentages of large fruits and seeds.
and nitrogen content of foliage and seed.

The collection, identification, and use of
superior strains of rhizobia should be an
integral part of a groundnut research program.
Inoculants produced from supertor strains speci-
fically taitored to the local environment should
be v ..d where nodulation s not adequate for
go.u growth and high yields. These inoculants
should also be used where nodulation appears
adeyuate but a growth response 10 nitrogen
fertilizer is observed since this suggeststhatthe
strains producing the nodules may not be effi-
cient.
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Nodule Co'lection, Strain
Isolation, and Maintenance

Strains of Rhizobium for groundnuts are main-
tained at several international and national
centers such as ICHISAT, USDA. Beltsville
Maryland. USA. a.u N\WTAL. University of
Hawai USA Because of thelimited research on
the qroundnut-Rhizobium symbicsis, only a
few of the available strains have been tested
with groundnuts For example. the USDA
Rhizobrum culture collection catalog 11979
lists 16 strains for groundnuts of which only
four are recommended for symbiotic effective-
ness  The NiIfTAL catalog (19781 recom.
mends five strams and lists 11 additional strains
that are etfective with groundruts

Because of the himiteq number of recom-
mended strains of Rhizobium and the lack of
knowleage about ther performance in Sy m-
bicsisw thihe groundnutgermplasm grow'h in
North Caruiina, we concluded that one of the
principal goals of our program shouid be 1o
tsolate and agentity effective rhizabrar strans

Iniially we obltained straing of rh.2otig from
other researchers  Addition al strains  of
Rhizobiurm were 1solated nodules col-
fected from centers of diversity for the genus
Arachis n South Amency The nodules were
obtamed from Argchs collecting expedit.ons
sponsored by IBPGR and led by W C Greqory
iNorth Carol.na State Umiversity, Raleight ang
C E Simpson Texas A & M Universty.
Stephenviller After samphing, the nodules were
placed «n 75 mi plastic wvials containing an-
hydrous calcium chlornide, covered with acotton
plug. and maied to our tabordtory in North
Carolina After the nodules were received from
South America, they were rehyarated in sterile
water for 4 hours at §C They were then
aseptically aissected. and a michrome wWire was
usext to streak some of the tissue on yeast
extract manmtolagarin previously poured petn
piates Cultures were incubated at 28 C and
examiaed daily for raised mucoid colonies typi-
cal of rhizoh'a These colonies were restreaked
until pure cu'tures were obtained Using these
techniques, 234 bactenal isolates representing
78 germplasm collections were obtained from
nodules cotlected in 1976-77 (Tables 1. 2}. Addi-
tional strains are now being isolated from
noduies collected in 1379 and the spring of
1980.

Tne Rhizobium culture collection is miain-

froam
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tained in screw-capped tubes contaiming yea:
mannitol agar and stored at 5 C These culture
are maintained in duplicate with one set hein
the working coflection In addinon to age
slants, the mother collection 1s also preserve
on porcelain beaas with silica gel and
tvopmiized form These iatter two technique
hmatloss of cuiture viabihty with mimimal risk ¢
mutation or contamunaticr Transters of thy
Rhizobrum Coilection are provided upon re
Quest 1o interested investigaters Additiora
cowpea strains from the dywverse enviconmen
where groundnuts are grown need to be col
iected

Evaluation of Effectiveness
of Strains

Vie use siratro »Macroptium dlropurpureurn
for prebminary screcning of solates This small
seededlequmeis grown in the growth chamber
in 30 mi serum bot.les capped with plastic bags
The roots are examined for noaulation atter 1
days Strains capabie of nodulating siratro are
increased for testing with groun:inuts 1k«
further evaluation of 'hese rhizobia s usually
cenpleted instages \We first test rhizotia inthe
greenhousie with two host genotypes of diffe
rent ongin Those stramns that are effective in
greenhouse studies must then be tested in the
Held in competiton with ndigenous rhizobia

Greenhouse Evaluation

Argentine «Span:sh typer and NC-4 tVirgina
typer. two cultivars representing the two sub-
species of groundnuts. are used as host plants
tWynne et al 19801 Plants are grown in modi-
fred Leonard Jars simtlar to those proposed by
Wacek and Alm (1978) Thejarsand a?2. 1 sand-
vermiculite medium are autcclaved before use
to prevent contamination

Seeds of each aenotype are surface-sterilized
by soaking in calcium hypochlorite solution (10
g 150 mi water) for 10 min followexd by rinsing
with sterile water five times The groundnuts
arethen pregerminated in stenlhized vermiculite
and placed 25 mm into the medium in the jars
Before covering the seed. 3 1 mi suspension of
the proper rhizobial strain lapproximately 109
cells ml} is added aseptizaliy tathe seed for al!
trezctments excep! for an uninoculated control
where sterile culture medium alone was added
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Table 1. Origin of Rhizoblum isolates collected from Arachis species growing In South America.
Coll solated Elevation Date
No from Lat Long (my Soit descrigiion coliected
1 Arachis sp 13 02'S 56 39W B0-100 Light sandy soil 7 Dec 1976
3 Arachis sp 2000 5658 100-200 Red. black <ol weathered from hmestone 11 Dec 1976
6 Arachis sp 25k W of Mburucuya 26 Dec 1976
7 A diogos Heehne 17 &0 5745 C-100 Reduced argillaceous soit and calcareous gravel 6 Dec 1976
22 A helodes 16 03 5713 170 Brown sand 17 Dec 197¢
23 Arachis sp Calcareous onigin 17 Dec 1976
56 Aractus sp 24 04 6524 1565 Dark altuvial gravel 30 Mar 1977
59 Arachs sp 23 04 63 53° 350-400 Altuvial reddesh sand 2 Apr 1977
62 Arachis sp 22 51 63 56° 320 Sandbank of alluvium 4 Apr 1977
70 Arachis sg 2141 63 45 1000 Light brown. alluvial clay-loam-graval 8 Apr 1977
7 Arachis sp 2141 6344 B870-1000 Light rea aliuvial sandy loam 8 Apr 1977
83 Arachis sp 2017 63 28° 900 Light brown sandy loam 14 Apr 1977
a3 Arachis sp 1719 6318 350 Deep sand in 20 Apr 1977
99 Arachis sp 15 44’ 6305 250 Brown to gray alluvia! soi! 27 Apr 1977
120 Arachis sp 26 22 57 0% ca 65 Deep white sand banks 16 Jure 1977
123 Arachis sp 252 5716 ca 175 Light colored sand 17 June 1977
134 Arachis sp 2215 57 28° ca 210 Light sand 24 June 1977
136 Arachis sp 222 56 27" ca 220 Brown sandy sot 24 June 1977
178 Arachis sp 21 34 5715 ca 225 Red iron-gravel and granite boulders- “cerrado” 29 June 1977
181 Arachis sp 21 30 57 01V ca 3% Brown sandy gravel loam 29 June 1977




Table 2. Origin of AMzobium isolates co’._.ted from South American groundnuts.

Coll No. Isotated from Area coilected Soil description Date colle -3d
77 Colorado Chico del Palmar Cototo. 10 km E of Vilia 11 Apr 1977
‘red seeds} Montes
92 Overo Colorado Blanco Saavedrz, Sta Cn:z Dark biack loam 19 Apr 1977
{grandel
138 Overo Puento de Mataral, Sta Cruz 25 Apr 1977
146 Overo Vaile Aba,o. Mairana 28 Apr 1977
150 Pahigo Teneria — Aiquile. dept Brown sandy loam .'9 Apr 1977
Cochabamba
151 Sara Mani Mesa Rancho -- Aiquile Medium heavy. dark brown 29 Apr 1977

tothe seeds. A nitrogen controt (10 mlofa 1 mg
N m! solution of NHaNO) applied three times
dunng the test) 1s also included The seed and
inuculum are then covered with sand The jars
are watered through the glass tube 'nto the
bottom storage area The distilied water moves
through a 6 mm thick nyion wick up into the
media in the upper jar Treatments are regh-
cated five times with plots arranged » a ran-
domized block design in the greenhouse Nu-
trient solution (150 mi) is added twice during the
grow'~yperiod. The nutrient solution consisced
of Pond’'s Stcck salt mixture supplemented with
zi~c. molybdenum and cobalt mmcronutrients
Alter 50 days of growth, the plants are har
vested Plantcotorisratedonas ileof 1-3with
1 .green and 3 yellow Nitrogenase activity
1s measured for tne root system cf ezch plant
using acetylene reduction methodology
Nodules are counted and removed so that
nodule mass can be determined Theroot ard
plant tops are dnied, weighed, and the tops are
grounu for determination of nitrogen using the
Kjeldahl technique

We have evaluated several strains of
Rhizobium 1n the greenhouse for their abihity 1o
fix nitrogen Rhizobial strains have been found
to significantly inficence plant color, ptant dry
weight, nodule number, nodule mass, percent
nitrogen, total nitrogen, and nitrogenase acti-
vity (Table 3). Strains often perform differentially
on the two hust genotypes giving a significant
host - strain interaction for traits indicative of
their nitronen fixing ability. This strain-hcst
specificity suggests that rhizobial strains must
be screened in symbiosis with diverse hosts or
with the nost genotype with which they are
going to be used.
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Total nitrogen accumulated is the best mea-
sure o! the efficiency of a rhizobial strain
However. both piant color and plant dry weight
are significantly correlated with total nitrogen
suggestir.g that the measurement of these two
traits s sufficient in evaluatirg strair efficiency
ingreenhouse studiestTabled}. Thesetraitscan
be utilized by researchers with imited resources
toscreen rhizobia for effectiveness in symbiosis
with local groundnut genotypes

From the more than 100 unique i1solates that
we have evaluated in the greenhouse, we have
identified several strans that fix more nitrogen
than the commercial strains used as checks
Aithough additional testing 1s needed, these
strains are now avadable to other rhizo-
brologists interested in cowpea rhizobia

Fiold Evaluation >! Rhizobia

After greenhouse evaluation, we test the nitro-
gen fixing ability of rhizobial strains in the field
in the presence of endemic rhizobia (Elkan et al.
1980) In a prefiminary study we evaluated
strairs previously tested in the greenhouse for
their nitrogen fixing ability inthefield in order to
compare field and greenhou: =test results. Nine
strains of Rhizob'um n symbiosis with 48
genotypes were tested in a field previously
planted to groundnuts.

The rhizobial strains applied in 3 water sus-
pension significantly influenced nodulation {0 05
level of probability) and nitrogen fixed as mea-
sured by nitrogenase activity (0.01 level). When
averaged over the 48 host genotypes, the
greatest nodulation was produced by strain
176A34 (Table 5). Strains 176A22 and 3G4bd
also produced significantly more nodules than
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Table 3. Strain and control means for nitrogen-fixing treits for greenhouse trisls.

Planm Nodule
— - N content Total N Nitrogenase

Color?® Werght No Mass plant plant activity

Strain Q) (g) (%) {mq) { ysmol C:H« hr per plant)
Study 1
176A22 1 67ab” 3.12ab 58 9b 120ab 3 69a 93 s 6 68abc
3G4b4 2 1ibced 2 00de 25 Ocd 059c 2 82cd 42 9c 381d
4282 2.30cde 1 80e 58 &b 034bc 2 91cd 38 3c 5 C8cd
3G4b21 2.11bed 247cd 31 9cd 062c 3 20bc 64.5b S 64bcd
32H1 1.78bc 2 59bc 56 8b 098abc 363ab 73.7b 5 30bcd
3G4bs 2.40Je 20% 22 1d 056¢ 2 76d 42.1¢ 3 70d
176A34 1.80bc 2 56¢cd 43 6bc 085bc 3 25abc 67 8b 7.67a8b
3223 2.67def 1 99e 32 9ca 107abc 2.23e 34.2¢ 4 54d
3G4b20 1.33a 3658 80 1a 140a 369s 107.3a 8.32a
Control 3.00et 1.5Ce Oe od 159 17.3d Oe
Study 2

32H1 1.1 2.84a 37 3bc 068c 369a 93.1a 4.49>¢
29C2 1.80b 2.15h¢ 6" 1a 110a 2.74b 514c 7.60a
3I16N18 2.56¢ 142d 47 7ab 045bced 1244 15.0d 0.08d
3G4b9a 2.57¢ 1.35¢d o7t 001e 1.33d 14.0d Ca
3I6N9 2.56¢ 1.70bcd 53 6a 0728d 1.21d 17.2d 0.094
3G4b10 2.44c 1.98bcd 16 Oce .029de 1.73cd 31.5d 1.48d
RP182-13 1.10a 2 78a 52 3ab 073ab 352a 88 4a 55H1ab
316N22 1.70b 2.2dabc 28 7cd 050cd 323a 62 6bc 4.14dbc
3G4b19 1.80b 2.30ab 47 48b J62bc 3612 74 0ab 6 03ab
Control 2.20¢ 1.49cd 71e 014de 1.9%¢ 23.7d 2.74cd

a Rating 1 = gresn and 3 - yellow
® Means with different Istters are significantly difterent ( 05 1 -level} according 1o t test




Table 4. Correlation coefficients for nitrogen-tixing traits in two greenhouse studiss.

Trait
Piant Nodule Nodule Percent Nitrogenase

Tran Study weight  number mass nitrogen  Total N; activity
Plant color” 1 93°° 84°" 75* 95°° 95°* 89

2 . 93.. 44 . :’4 94.0 9700 ‘780-
Plant weight ig) 1 — 79°*° 54 83°° gg°° 83°°

2 — 45 61 90" g7°° 73
Nodule number 1 — —_ 89°° 83°* 82°° 75°

2 — — .92°° 33 39 47
Nodule mass ig) 1 - - — .89°° 67° 68°

2 _ - —_ 49 .54 68°
% Nitrcgen of plant i - —_ —_ — 81°* 57

2 - - - - 97°° 86
Total N: o plant (g} 1 — —_ —_ —_ —_ 86°°

2 _— — — — — 7800
a Ratng 1 = green and > = yellow

* % Ingicates simple Correlation coefficients s:gnificant ot 0 05 and 0 01 levels of probability

Table 5. Mean nodulation rating and nl-
trogenane activity for stralns of
Rhizobium and an uninoculated con-
trol for fiald grown groundnuts.

Nodulation Nitrogenase

Strain rating? activity
2G4b20 281 391
176A34 310 387
176A22 307 351
3G4bs5 306 358
3G4b4 307 310
3G4b21 298 328
4282 306 338
IZH1 2.93 357
3223 304 310
Control 289 325

LSD i0 05 017 30
a Rated 156 days atter planting with 1 = liftte and S = heavy

nodulation
b wmelCiHe plantpar it Meaan over 48 genotypes sampled

91.95 100 119 and 127 days aher planting

the inoculated controls which were inoculated
with the naturally occurring strains. The
greatest nitrogenase activity, however, occur-
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red with strain 3G4b20. Strains 176A34, 3G4b5
and 32H1 also had significantly higher nitro-
genase activity than the naturally occurring
strains. Conversely, strains 3G4b4 and 1273 had
slightly but insignificantly lower nitrogenase
activity than the endernic strains.

The nitrogenase activity for the rhizobial st-
rains when applied 0 Florigiant, a Virginia
cultivar that is grown on most of the acreage in
North Carolina, was determined for five sampl-
ing dates {Table 6). Ali plots of Fiorigiant inciud-
ing the uninoculated cont ol were heavily nodu-
lated. Six of the nine strains, however, had
slightly higher mean nitrogenase activity than
the naturally occurring strains (control),
although only strain 3G4b21 was significantly
better than the control. These dataindicate that
some strains are able to compete for infection
sites and are more effective than naturally
occurrirg strains. Strain 4282 successfully
competed for infection sites but produced less
effective nodules than the naturally occurring
in

strains. This strain was also ineffective
greenhouse evaluations.
Nitrogenase activity measured in the

greenhousefortiese same strains in symbiosis
with a Spanish and Virginia cultivar was corre-
lated (r = 0.73°) with mean nitrogenase activity



Table 6. Nitrogenass activity { ,,mol CiMdhr
per plant) for atrains of Rh/zobium
and an uninoculated control for
peanute of cv Florigiant for tive sam-
pling dates.

Days after ptanting

Strain LAl 95 100 118 127 Mean
3G4b20 49 70 64 69 28 56
170A34 45 DR 61 49 20 45
*T6A22 52 60 68 65 30 55
3G4bs 49 52 74 6? 2 54
1G4and 58 50 73 48 3C 52
3G4b 55 n 69 74 33 60
3282 &4 47 45 49 18 41
IIH i8 50 n 66 39 53
3223 37 56 56 62 26 47
Control 48 51 54 c4 26 49
Mean 474 556 636 o6leE 283 511

LSD 10 05 Sampling date 8
LSD 10 G5 Strain 1?2

in the field This indicates that screening of
rtazobial strains in the greenhouse is effective
as a prelimunary predictor of rhizobial ctrain
perfarmance n the field

A similar field study conducted during 1979
invo'ved 10 rhizobial strains and two groundnut

cultivars, Florigiant and Spantex, (Spanish
type). The strains significantly influenced nodu-
lation, nitrogenase activity and plant weight but
not yield of fruit {Table 7). A significant (0.G5
level] genotype - strain interaction was found
for plant weight, indicating that rhizobial strains
were not equally effective for the two
groundnut cultivars (Table B). These results
strongly suggest that the nost genotype must
be considered in rhizobial strain se}q:clion

These field data are not very dramatic but
they arevery encouraging. Considering that soil
fertility and endemic rhizobial populations are
high enough to prodrice high yields, results
under these test conditions can be translated
into spectacular yield increases on nitragen
deficient soils with ineffective or low rhizobial
populations

Identification of Cowpea
Miscellany Subgroups

The identification of effective strains of rhizobia
through pianr tests in the field and greenhouse
1sslow and tedious It would be advantageous if
it were possible to identify a subgroup of the
cowpea rhizobia whose primary host cultivar is

Teble 7. Strainand control means for yleld and nitrogen-fixing treits for field-grown groundnuts.

Nod-e” Nitrogenase Shoot Yield per
Number Dry w1 activity we'ght plant
Stran treatment mg) i ..mot C:Hs plant per hr! gl g
Control
tendemic strant 396abc £75bcd 1 67abc 54 labc 718a
Nitrogen contro! 276¢ 370d 117¢ 59 7abc 646a
32H1 427abc 442bcd 151abc 62.5ab 726a
CB 7% 334bce 378cd 187a 56 3abc 562a
3G4bs 485ahc 503a-d 1.70abc 53 9abc 562a
3G4b21 593a 727a 188a 70.2a 695a
NC 1461 642a 625abc 1 44abc 54 0abc 5413
NC 92 584a 642ab 1.78ab 53 6abc 634a
NC 71 553ab 465bcd 1.28bc 51.9bc 654a
NC 31 458abc 488a-«4 1.65abc 53 1bc 597a
NC 1 437abc 322d 1.62abc 44 .5c 542a
NC 56 396abc S01a-1 1943 61.4ab 650a
176A22 545ab 538a-1 1.64abc 55.7abc 595a
NC 120 $00abc 494--d 1.67abc 67.6ab 686a

# Nodule number weight. and shoot weight are means for plants sampled 59 and 166 days atier planting Nitrogenasse activity,
59 days ahter planting, and fruit weight. 166 days atter planting, are means for a single sampling dats
Means with ditferent lerters are significantly different at 5% level according to Duncan's multiple range test
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Tahla 8. Ranking of strains of Rhizoblum as
they affect plant weight for a
Spanish and Virginia groundnut cul-

tivar.

Rank Flongiant Spantex
1 32H) NC 120
2 CB 756 3G4ab2
3 NC 136 NC 56
a NC 31 32H1
5 NC 71 176A22
5 3Gab 2! CcB756
7 3Gahs NC 1461
8 NC 120 3G4bs
g NC 92 NC 3t
10 NC 56 NC T
1 176A22 NC 92
12 NC NC 71

the groundnut or a specific cuhivar-group of
groundnuts

We have adapted for use with Rhizobium sp
two DNA-ONA hybridization techniques which
allow us to rapidly determine the genetic rela-
tionship of isolates withinthis group of rhizobia
Isolates from individual legume cultivars nodu-
lated with cowpea miscellany rhizobia are being
compared usingthese hybiidizaiion techniques
to determine if there is (or are) any sucaroup s
of cowpea rhizobia favoring groundnuts Con-
versely, if this nost-isolate interaction 1s deter-
mined to be truly wide spectrum, we hope to
determine if the more ineffective and effective
isolates can be genetically grouped. This study
1s in the preliminary stages. The genetic diver-
sity of this group of bacteria is apparent from
the DNA.-DNA hybridizations. Early evidence
points to the possibility that bacteria more
efficient in nitrogen fixation with grrundnuts
areidertfiable if the presence of sul,groups (os
subspecies) is confirmed, then it would be
relatively easy to identify subgroups of the
cowpea miscellany, thus reducing the need for
p'ant tests. Thiswaork is continuing and is being
expanded in our laboratory.

Selection of Efficient
Host Plants

A second approach to increasing nitrogen fixed
by groundnuts, which is applicable regardless
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of whether plants are well nodulated by native
rhizobia or whether inoculation is required for
adequate nodulation, is to develop host
genotypes that are more efficient in fixing
nitrogen. Although symbiotic nitrogen fixation
has been studied for a!most a century, little
effort has been given to increasing nitrogen
fixation in legumes through breeding. Enhanc-
ing the nitrogen fixing process ir. a leguminous
cropthrough breedingrequires i ! ample gene-
tic variability, (2) an understanding of thc gyene-
tic control of the process, (3) a technique for
measuring the desired trait indicative of nitro-
gen fixation, and (4) a breeding strategy to
efficiently utilize the var:aiion

Genotypic Variation
in Nitrogen Fixing Traits

Differences in nodulation for grouadnut
genotypes in the fieid were firs) reported by
Duggar {19353} Duggar 11975¢) found that a
runner {ssp hypogaea) genotype developed
larger and more nodules than a Spanish (s:p
fastigqiata) genotype Inoculation with a single
strai.t of Rhizobiurn increased nodutation of the
Spanish I'ne >ut not of the runner Albrech!
{1943) observed significant increases in fruit
vield of a Spanish line when inoculated with
three single strains of Rhizobium and a com-
mercial inoculum, while a runner type did not
respond to any of the treatments.

Burton (1976) found differences in nitrogen
accumulation among peanut cultivars grownin
the greenhouse with fixation being the only
nitrogen source. Inoculated with single strains
of Rhizobium isolated from plants of four gen-
era, cv Flcrunner, a Virginia type, was consis-
tently higher in nitrogen content than the
Spanish cultivars, Comet, Starr and Spantex.

We hava fourd host plant differences in
nodulation and nitrogen fixing activity in both
greenhouse and tield studies {(Wynne et al.
1978). Genotypic differences in nodulation by
the native rhizobia found in North Carolina
groundnut fields have also been observed. The
nodulation for 48 genotypes shown in Table 9is
typical of the response observed .n North
Carolina. Virginia types such as cvs Florigiant,
Va-72R, NC-5 and NC-6 are more heavily
nodulated than Spanish or Valencia types such
as c¢cvs Spanhoma, Spantex, Starr, Argentine,
Tenressee Red or New Mexico Valencia.
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Tabla 9. Genotypic means for nodulation in North Carolina fleld study during 1977 at the Upper

Coastal Plein Ressarch Station.*

Nodulation Nodulation
Genotypes X Genotypes X
1 Star/ 145 25 Pi1221068 445
2 Tamnut ™1 225 26 Pi241633 245
3 Georgia 255 2.680 27 PiI 158850 300
4 G169 245 28 Pl 158852 3.25
5 EM 12 1.65 29 Spanhoma 2.25
6 Florunner 2.75 30 Spantex 2.40
7 Fior:giant 4.90 31 Dixie Spanish 2.85
8 Va 72R 485 32. Starr 2.20
9 Sarly Bunch 430 33 Argentine 2.10
13 UF 7don 3.90 34 Schwarz 21 2.05
T NGB 375 35 Chico 205
12 Theun 3.65 36. P1 337396 3.10
13 A6Y 410 37 PiI261954 2.85
14 UF 79102 3.00 38 Pl261955 3.00
15 Va 70-64 450 39 Tennessee Red 2.80
16 N2 S 435 40 N M Valencia 315
17 NC2 345 41 Pi 275743 2.20
18 NC-Fia 14 335 42 P1 275744 3.05
19 NCa 3.90 43 Pi 275078 2.50
20 Pl 268837 300 44 Greg #182 1.30
21 P1313946 350 45 Greg #190 1.15
22 P1313947 380 46 71 GAN 290 2.10
23 P1 313950 445 47 71 SAN 29 1.90
24 A morucola 280 48 NC 3033 32%
8 Nodulation rated 156 days afies pianting with § = Litt:e ang § = high

Nodulaiion for the genotypes listed in Table 9
was measured at a single harvest date near
maturity. We have foun-’ estimates of nitrogen
fixing traits at a single harvest may not -e
reliable as an indicator of the relative perfor-
mance of a genotype. For example, when eight
cultivars were sampled four times during the
growing season for their nitrogen fixing ability,
both cultivars and harvest Jates significantly
influenced nodulation and nitrogenase activity
(Table 10). The date = cultivar interaction was
also significant for all three traits. The two
genotypes from the ssp fastigiata, Tennessee
Red and Spanhoma, had 'awer mean nodule
number, nodule weight, and nitrogenase acti-
vity when averaged over all harvest dates.
Florigiant, the predominani cultivar in North
Carolina, had the highest mean nodule num ber,
nodule weight, and nitrogenase activity when
averaged over ali sampling dates. However, the

ssp fastigiata cultivars were not lowsst at afl
sampling dates nor was Florigiant highest for all
sampling dates. These and other unpublished
data suggest that selection of a genotype based
on a single evaluation of nitrogen fixing ability
during the growing season may not always
identify the superior genotype.

The seasonal pattern of nodulation and
N2(C:zH.) fixed was similar in this and other field
studies. The pattern is better illustrated from
bimonthly sampling dates for the cultivars
Florigiant and Argentine (Figs. 1 and 2).
Nodulation increased during the growing sea-
son until a peak was reached B4 days after
planting for Argentine and 98 days after plant-
ing for Flarigiant. Plants of Florigiant averaged
1470 nodules compared to 908 for Argentine at
the time of maximum nodulation. Nitiogen
fixation increased during the growing season
untit a peak was reached 84 days after
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Table 10. Means for dates by cultivars for nitrogenass activity and nodulation (Lewiston, North

Carolina, 1978).

Sampling date {days after emeargence)

Cultivar 28

56 84 117

Nitrogenase activity { jt moles C:H. plant per hr)

Tennessee Red 421 15.59 24.66 17.01
Spanhoma 3.35 1379 2169 13.44
Fiorunner 386 23.04 37.33 24.69
B1 1.77 604 28.87 27.62
Florigiant 5.51 18.83 3512 3457
NC 4 1.76 1589 41.55 26.66
NC6 393 20.13 33.99 34.18
Early Bunch 468 17.64 29.56 24 51
Nodulation {nodules plant)
Tennessee Red 2006 666.0 9231 857.6
Spanhoma 162.1 4524 6130 494.0
Florunner 21 9 1719 13803 1051.8
B1 155 4609 13129 950.1
Florigiant 1783 73 1440.3 14451
NC 4 202.9 600.7 12739 1659.0
NC 6 187.2 948 5 12658 1302.5
Early Bunch 2540 909.5 13204 1266.7
Nodule weight (g plant)

Tennessee Red 0.20 0.75 1.09 1.13
Spanhoma 0.26 0.60 0.90 0.80
Florunner 0.23 1.26 2.37 145
B1 0.27 0.57 1.55 144
Florigiant 0.21 i 2.90 2.77
NC 4 0.4 087 2.10 2.50
NC 6 046 1.28 2.34 1.78
Early Bunch 045 .21 1.47 1.37
planting. Nitrogen fixed decreased after this - Flonguant

date. Maximum N:(C:H:) values exceeded
70 pmol C:H: plantper hrforFlorigiant compar-
ed to less than 50 for Argentine. Unfortunaiely,
total nitrogen analyses have not been com-
pleted and the relationship of nodulation and
N:(C:H:) valuestototal nitrogen are not known.
The rapid increase in nitrogen fixation during
the growing season corresponds to the time of
fruit formation and filling, and the decrease
corresponds to maturation.

These ata suggest that a single evaluation of
the nitrogen fixing ability of a genotype using
acetylenereduction i{ taken during the period of
paak activity raight b e effective for preliminary
screening of ger.otyg.es for nitrogen fixatian.
However, selection using total nitrogen ac-
cumulated or dry matter accumulated through

104

Nittognnase act.vity

28 42 56 10 a4 9% m
Days atter planting

Means of cultivars for nitrogenase

activiey” [ semal Ca:Ha plant per hr)

aver harvest dates (Clayton 1978).

Figure 1.
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the growing season is almost certain to be more
effective than N:iC:H:) measured once or even
several times during the growing season How-
ever. several N:(C:H:) measurements during
the growing season might be useful in choosing
parents Two lines producing similar amounts
of nitrogen but having different peak periods of
activity as determined by acetylene reduction
might produce transgressive segregates

Quantitative Genetics
of Nitrogen Fixation

We have investigated the genetic control of
nitrogen fixation using a diallel cross in the
greenhouse and a population of late generation
lines in the field.

Early Generation: Greenhouse

The F: generation of a dialle! cross of 10 cul-
tivars from South America was evaluated in an
analysis of gene action for traits related to
nitrogen fixation. Hybrid progenies were sig-
nificantly different for all traits (Table 11). Gen
eral combining ability, which is usually indica-
tive of additive gene action, was significant and
greater than specitfic combining ability for nodu-
lation, N:(C:H:) fixed, plant weight, nitrogen
content and total nitrcgen Correlations be-
tween parental and general combining ability
effects were nonsignificant for all traits, so
simple evaluation of lines for nitrogen fixing
capacity in the greenhouse may not identify
superior parents for usein breeding programs.

Late Generation: Field

Thirty F« generation lines from a Vir-
ginia x Spanish cross were grown at two field
sites in order to determine the genetics of traits
indicating nitrogen tixation for a population of
late generation lines. The Virginia parent (NC-6),
a high yie!ding Virginia cultivar, is well nodu-
lated by the indigenous rhizabial strains in
North Carolina, while the Spanish parent {922)
is poorly nodulated. Plot means for N2(C:H:)
fixed, nodule number, nodule weight and dry
weight of plant were analyzed considering loca
tions and entries as random effects. Although
the study when completed wili consist of sev-
€ral sampling dates over years parental and
line means for one sampling date 90 days after
planting suggest that sufficient variability exists
for progress from selections in this pogpulation
(Table 12). The Spanish line is lower in nodula-
tion, has less nitrogenase aclivity and smaller
plantweignt .hanthe Virginia parent Therange
of means for the 30 lines generally equal or
exceed the range of *he parents Genotypic
variance was estimated from the variar.ce
among the means for the 30 iate generation
lines These estimates were used to estimale
heritability as follows:
9

22
h: = H = G
A2 | 2 S 2 S 2
i +Sr
"G*,,gt"r;* G5l
-
Where: o& = estimate of genotypic variance.

o,. = estimate of error variance, and

a2l

S=2r=3andf = 2.

Heritability estimates ranged from 0.45 for
nodule number100.80for N2(C.H:) fixed (Table
13). These estimgztes indicate that selection for
traits indicative of nitrogen fixation should be
effective for this population. Selections will be
made and the response to selection for nitrogen
fixing traits and the effect of selection for
nitrogen fixation on productivity will be deter-
mined.

An Alternative Breeding Strategy

It has been suggested that the nitrogen fixation
in the field may be limited to a large extent by
the availability of photosynthate. Enrichment of
the atmosphere in the foliar canopy of
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Table 11. Meansquares from thedlallel enatysis of characters indicative of nitrogen-fixing sblility.
Nodule Nitrogenase Plant  Nitrogen Total
Nodute mass aclivity weight content n:irggen
Source df number {tmg} ( umol C:Ha plant per hr) g} (%) (mg plant)
Blacks 3 4742°° 64505°° 7385°° 7.85°° 05965°* 5780°°
Genotypes 98 1477°* 10030°* 647°° 192°° 01418°° 2197
Parents 9 726 8543 609 060 01508 534
Hybrids 88 1562°° 10132°° 6 58°° 20B8°° 01423°** 2378°*
General Combining Ability 9 4216°*° 26950°° 17 10°° 372°° 04910°* 3327°°
Specific Combiing Ability 35  1833°° 263°° 468 197°° 00699 2252
Maternal 9 1433°° 16796 374 2.32°° 02197** 3674°*°
Reciorocal 35 941 5964 6 50° 169 01052 1954°°
Parents vs hybrids 1 723 14423 008 027 00143 479
Error 280 742 4825 3.97 053 00845 619

Table 12. Parental means and ranga of mesns for single sample 90 days atter planting of
groundnut parents and F. generetion population.

Means over focations

Nodule Plant
Nodule weqht Nitrogenase activity dry weight
ldentity number igt { nmol C:Hs plant per hri (g}
Spanish parent {922) 255 0245 1783 203
Virginia parent (NC 6) 474 0518 4028 299
Fa bines 152-391 0 156-0 453 1112-4 103 127-295

Table 13. Heritability astimates for nitrogan
fixation traits for late geriaration
lines from cross of Spanish and Vir-
ginia lines sampled 90 days after

planting.
Tran Estimate
Nodule number 045
Nodule mass idry wt plant in g) 063

080
074

N: (C:H:) in umol CiHa plant per hr
Dry werght shoot (g)

groundnuts with 1500 p>m _arbon dioxide dur-
ing daylight hours increased nitrogen fixation,
measured by the acetylene reduction assay, by
60% anriy a'so increased plant growth and nodu-
lation supposedly because of larger amounts of
available photosynthate (Hardy and Havelka
1976; Havelka and Hardy 1976). Diurnal studies
and shading experiments at ICRISAT (Dan
1977) and leaf removal studies at Nortn Carolina
(unpublished) also suggest that the rate of
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nitrogen fixation is governed by the availability
of photosynthate. Once the groundnut plant
enters the reproductive stage the nodules, as a
photosynthate sink, must compete not only
with the growing vegetative parts, but also with
the developing fruit. Hardy etal. (1971) reported
that over 90% of the total amount of nitrogen
fixed occurred during th2 period of fruit forma-
tion and maturation with rate of fixation enter-
ing an exponential phase at or about the time of
pegging. Since variation in photosynthetic rates
and net photosynthate accumulation has been
demonstrated for groundnuts (McCloud et al.
1977, Pallas and Samish 1974; Pallas 1973;
Williams et al. 1975; Emery etal. 1973), it should
be possible to select photosynthetically
superior genotypes which fix more nitrogen.
Preliminary analysis of sever3l field studies
conducted in North Carolinaindicates that there
is adequate variability in net photosynthetic
efficiency (biological yield) to select genotypes
that are more efficient in accumulation of
photosynthate (Ball et al. 1979). Furthermore,



we have found biolngical yield (total dry mat-
ter), economic yield (fruitl and nitrogen fixed
N:AC:H:) to be positively correlated (r
48°°-72°" with 38 df) This suqgests that
groundnut brceders can indirectly select for
greater nitrogen fixation by seiecting for hiolo-
gical and or economic yield Thus selection for
ecunomic vield may be an effeciive method of
increasing nitrogen fixation when groundnuts
are well nodulated by native rhizobia. This
hypothesis i1s presently being tested in studies
at North Carolina

Summary

The atmospheric nitrogen fixed by groundnuts
can be increased dramatically by the selection
and use of effe :tive strains of Rhizobrium if the
groundnut plants are poorly nodulated or nodu-
later; with ineffective strains Because of a
significant genotype - strain interaction, the
nost genotype must be considered in strain
selection. Strains can be selected after they
have shown broad adaptation in symbiosis with
a aumber of diverse host genotypes or they
n:ay be selected in symbiosis with the single
hos\ genotype to be grown

Sutficient variability exists for selection of
hast genotypes with greater nndulation and
greater mitrogen fixing potential. Preliminary
estimates of heritability for late generation lines
from a Virginia - Spanish cross suggest that
selection should be effectivefor traits indicative
of nitrogen fixation However, since biological
yield and economic yield appear to be corre-
lated with nitrogen fixation, it may be possible
to select for higher nitrogen fixation by select:
ing for biological yield and or economic yield.
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