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Abstract The association between sorghum and Nj-
fixing bacteria has been assessed only under limited
conditions. We investigated biological nitrogen fixa-
tion (BNF) in situ in fifteen sorghum genotypes with
dry or succulent culm types under five edaphoclimatic
conditions. One randomized block experiment was
established in each of five locations, from the humid to
the semiarid regions of Pernambuco state, Brazil. BNF
was estimated using the '’N natural abundance
method by comparing the average 3'°N value of each
sorghum genotype with those of the reference species.
High levels of productivity, up to 22 Mg shoot
biomass ha~! in the 3-month cycle, were obtained
where rainfall was high, and up to 5 Mg ha™' was
obtained under low rainfall. The nitrogen contents
showed a similar pattern as biomass production, and
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the genotypes with the highest productivity accumu-
lated from 200 to 300 kg N ha™'. BNF ranged from
55 to 78% of plant N in one location and from 36 to
56% in another location, but BNF did not occur in the
other three locations. Although the factors that
blocked effective symbiosis were not determined,
symbiosis was not influenced by P or K availability.
The proportion of N, fixation was similar in the grain-
producing, dry culm genotypes and in the sugar-rich,
succulent culm genotypes. The sorghum genotypes
fixed N,, reaching up to 218 kg ha~' N, without
inoculation with diazotrophs. Therefore, sorghum has
a high potential to fix atmospheric N,, but the factors
that block N, fixation must be identified for crop
management planning.
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Introduction

Sorghum [Sorghum bicolor (L.) Moench] is the fifth
most cultivated cereal in the world (FAO 2010). Itis a
multipurpose species that produces forage, grain and
sugar (Tuinstra 2008; Davila-Gomez et al. 2011;
Mathur et al. 2017). Sorghum grain is usually
produced in genotypes with short, dry culms, and
sugar and forage are produced in genotypes with tall,
succulent, sugar-rich culms. The production of alcohol
production from the fermentable sugars and cellulose
in the sugar-rich culm varieties is also an increasing
field of interest (Guigou et al. 2011; Fernandes et al.
2014). As a plant with the C4 photosynthetic pathway,
sorghum is highly efficient in converting solar radi-
ation, water and nitrogen into aboveground biomass
under a wide range of soil and climatic conditions
(Albrizio and Steduto 2005; Steduto and Albrizio
2005). Sorghum is particularly useful as a crop
adopted to areas where rainfall is insufficient for most
traditional tropical humid grain or sugar-producing
crops, such as maize and rice, or sugarcane and palm,
respectively (Ananda et al. 2011; Vasilakoglou et al.
2011).

Sorghum, similar to other Poaceae species, may
associate with several diazotrophic bacteria, mainly
the genera Azospirillum (Puri et al. 2017), Herbaspir-
illum (Monteiro et al. 2012), Gluconacetobacter
(Yoon et al. 2016), Burkholderia (Silva et al. 2018),
Stenotrophomonas, Bacillus (Antunes et al. 2019) and
Bradyrhizobium (Hara et al. 2019), which are capable
of introducing atmospheric N, via biological nitrogen
fixation (BNF). Many reports of effective BNF in
Poaceae species have been published in the last decade
(Morais et al. 2012; Baptista et al. 2014; Alves et al.
2015) but other studies could not find evidence of N,
fixation in the same Poaceae species (Biggs et al.
2002). In fact, many Poaceae species were used as
reference species in studies of BNF in legume species,
including sorghum (Kurdaly 2009). In this last study,
the '°N signal of sorghum was similar to that of
sunflower, both considered as non-fixing species.

BNF in sorghum has been subjected to few studies,
some conducted in vitro (Stein et al. 1997) and under
greenhouse conditions (Carvalho et al. 2017). Under
field conditions, only two experiments have reported
sorghum BNF using the '°N natural abundance
technique. The first study tested a single genotype
planted as green manure for irrigated crops and found
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that more than 70% of plant N was derived from BNF
(Ferreira Neto et al. 2017). The other experiment
tested three genotypes inoculated with Burkholderia
spp. and Herbaspirillum ssp. strains and found a
higher proportion of N, fixation in the forage genotype
than in the grain and sweet genotypes (Santos et al.
2017). The lower fixation of the sugar-rich type seems
to contradict the hypothesis that the higher provision
of easily accessible carbohydrates would benefit the
association with effective diazotrophic bacteria. The
limited and contradictory results indicate that BNF
studies with different sorghum types and dozens of
sorghum genotypes should be conducted, preferen-
tially under distinct environmental conditions.

These studies are critical for establishing the
advantages of N, fixation, which could partially or
even totally substitute for the application of nitrogen
fertilizers. This advantage is important for sorghum
crops, which are usually grown in areas where rainfall
scarcity and low capital availability prevent mineral
fertilization, such as large parts of Africa and the
semiarid Brazilian Northeast Region.

Considering the large number of available geno-
types, the general absence of the practice of inocula-
tion and the extensive range of agro-climatic
conditions under which sorghum is planted, we
investigated BNF in 15 genotypes that were not yet
tested for BNF potential, grown in the field in five
municipalities from humid to semiarid regions in
Pernambuco state, Brazil. We hypothesized that (1)
different genotypes behave differently under different
edaphoclimatic conditions and (2) the succulent,
sugar-rich culm genotypes show greater BNF than
genotypes with lower culm sugar and water concen-
trations (dry culms).

Methods and materials

Fifteen sorghum genotypes, including varieties and
progenies of different purposes (grain, forage, sugar,
or biomass for bioenergy) and culm types (dry or
succulent), from the sorghum breeding program of the
Instituto Agronomico de Pernambuco (IPA, Agro-
nomic Institute of Pernambuco) and Empresa Brasi-
leira de Pesquisa Agropecuaria (Embrapa, Brazilian
Agricultural Research Corporation) were evaluated in
five municipalities with different edaphoclimatic
conditions in Pernambuco state (Tables S1 and S2).
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The three experiments in the subhumid and semiarid
municipalities (Caruaru, Belo Jardim and Serra Tal-
hada) were conducted during the rainy season (March
to June) in 2014. In Caruaru, the experiment was
rainfed (214.8 mm during the growth cycle), but in the
other two municipalities, the experiments were irri-
gated due to the scarce rains. The experiments in the
humid municipalities (Itambé and Goiana) were
conducted in the same year, from July to November
and were rainfed (656.1 mm and 876.6 mm, respec-
tively). The average monthly temperatures along the
growing cycle were similar to the annual averages
(Table S2), while the daily variations were larger than
the monthly variations, mainly in the subhumid and
semiarid municipalities, where they reached up to
10 °C.

One randomized block experiment was established
in each municipality, with three replications and plots
with four 6 m long rows, spaced at 0.8 m. One extra
plot in each block was planted with sunflower
(Helianthus annuus L) in Goiana, Itambé and Serra
Talhada to be used as reference plants. In Caruaru and
Belo Jardim, due to logistical problems, these extra
plots were not planted, and spontaneous species
growing along the border of the experiments (five
plants per species) were used as the reference plants.

Soil samples were collected in each location before
planting and were analyzed (Table S3) according to
the methodology recommended by Embrapa (2009).
Dolomitic lime was applied (700-1500 kg ha™")
based on the soil analyses at each site. The experi-
mental areas were plowed and harrowed and, in all
sites except Belo Jardim, were fertilized in doses
ranging from 8 to 15 kg ha™' of N in the form of urea,
25 to 45kgha™' of P,Os in the form of triple
superphosphate, and 36 to 66 kg ha™' of K,O in the
form of KCI. The application rates were based on the
soil tests at each site. Sorghum seeds were distributed
in 50 mm deep furrows, and the stands were thinned to
12 plants m~" when the average plant height was
100 mm.

All the aboveground biomass in the central area of
each plot (8 m?) was harvested 90 days after planting,
chopped in a forage processor, weighed and subsam-
pled. The subsamples were oven-dried, weighed and
analyzed for total N concentration (Table S4) by the
Kjeldahl method (Embrapa 2009) after digestion with
sulfuric acid and hydrogen peroxide (Thomas et al.
1967). The N contents were calculated by multiplying

the concentrations by the biomass, except at Belo
Jardim, where the biomass data were lost.

At harvest, leaf material from five plants in the
border rows of each plot was collected for biological
nitrogen fixation (BNF) estimation. In Goiana, Itambé
and Serra Talhada, leaf material was also collected
from five sunflower plants in each extra plot. In
Caruaru and Belo Jardim, where sunflower was not
planted, the leaf material to be used as a reference was
collected from five plants of the spontaneous species
Herissantia tiubae (K. Schum.) Brizicky, Malvaceae,
and other unidentified non-N-fixing species in Caruaru
and H. tiubae and Panicum maximum Jacq., Poaceae,
in Belo Jardim. The leaf '°N signals were assumed to
be similar to the signals of the culms, considering the
short cycle of the plants and the intense circulation of
N within each plant (Shearer and Kohl 1989).

All these leaf materials were dried and ground
separately. Subsamples were placed in capsules and
inserted into a Delta V Advantage mass spectrometer
to obtain the isotopic ratios of N. The isotopic ratios
were determined according to recognized interna-
tional standards. Reference materials (atropine, yeast
extract and soil standard 502-308, LECO Corpora-
tion) were included in all analytical runs. The natural
abundance of "N in the samples (Table S5) was
expressed using the delta notation (3'°N), which
represents the parts per thousand deviations (%o) in
relation to the >N and '*N ratio (R) in atmospheric N,
(Junk and Svec 1958; Mariotti 1983):

0 = (Rsample/Rreference— 1) x 1000

The proportion of nitrogen derived from the
atmosphere (%Ndfa) was estimated by comparing
the average 8'°N value of each sorghum genotype
(615Nsorghum) with those of the reference species
(8" N eference) in each experiment, provided that the
difference was statistically significant (p < 0.05),
using the formula (Shearer and Kohl 1986):

%Ndfa = 100 [(d" Neeference
- dlSNsorghum) / (dlSNreference_ B)]

where B is the '°N abundance of the sorghum when the
plants rely entirely on BNF from atmospheric N,
(Amarger et al. 1979). In the absence of a known value
for sorghum, the B value was assumed to be zero, as
has been done for the estimation of Poaceae fixation
(Morais et al. 2012; Baptista et al. 2014; Alves et al.
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2015). The amounts of fixed N were estimated by
multiplying %Ndfa by the N concentrations and the
total aboveground biomass.

The normality and homogeneity of the data for
biomass, N concentration, N amount and fixed N of the
sorghum genotypes from each experiment were tested
by the Shapiro-Wilk and Levene tests. The N
concentration data were submitted to arcsine transfor-
mation. The data were submitted to analysis of
variance, and the averages were compared by the
Tukey test at the 0.05 probability level. To compare
the 8'°N signals of the sorghum genotypes with those
of the reference species, a T test was used at the same
probability level. The same test was used to compare
the 8'°N signals of the succulent and dry culm
genotype groups. The correlation between the %Ndfa
and biomass productivity was calculated. All tests
were performed using Sisvar version 4.8 (Ferreira
2008).

Results
Biomass production

The biomass productivity data confirmed that sorghum
can be a highly efficient crop under both high and low
water availability. The irrigated plants in Serra
Talhada and the rainfed plants in Itambé and Goiana,
where 656 and 877 mm of rain fell during the growth
cycle, produced up to 22 Mg ha™' (Table 1). These
levels of productivity in a growth cycle of only
90 days are only matched by those of maize. In
Caruaru, the productivity was above 2 Mg ha™' and
reached 5 Mg ha™', which is also high considering the
severe water limitation caused by the low rainfall
(215 mm).

A few genotypes produced significantly more shoot
biomass than the others, but the high-producing
genotypes were not the same in all municipalities,
except for variety SF 11 (dry culm), which had the
highest productivity in three of the municipalities
(Table 1). The productivity of most of the genotypes
was intermediate and statistically similar in all
municipalities, and the only genotype with consistent
lower productivity was progeny IPA P-F6 08 (succu-
lent culm). The different performances of the proge-
nies indicate the potential for selection.

@ Springer

Nitrogen uptake and fixation

The nitrogen concentrations varied from 9 to
30 g kg™' dry matter (Table S4) and were not
correlated with biomass productivity. These concen-
trations are within the usual range under conditions
where N availability is not deficient. The total nitrogen
accumulation followed the pattern of biomass pro-
duction, since the production variation was larger than
the concentration variation, with the total N accumu-
lation in more productive genotypes reaching from
200 to 300 kg ha™' (Table 2).

The 8'°N signals of the reference plants were high
(> 5.80%0), with little variation (CV < 18%) within
each municipality, allowing good estimates of the
biological N, fixation of the sorghum genotypes
(Table S5). In the municipality where one grass
(Panicum maximum) and one nongrass (Herissantia
tiubae) spontaneous species were used as reference
plants, the signals of the two species were similar,
indicating the absence of fixation in the grass species.
The absence of significant differences in the 8'°N
signals of all sorghum genotypes and the reference
species in Itambé, Belo Jardim and Serra Talhada also
indicated the absence of BNF. On the other hand,
differences larger than 2%., most of which were
statistically significant, indicate active BNF in most
genotypes in Goiana and Caruaru. In Goiana, more
than 50% of the plant nitrogen of the fixing genotypes
was derived from the atmosphere (%Ndfa), reaching
78% in variety SF 11 (Table 3), the one with the
highest biomass productivity (Table 2). In Caruaru,
the %Ndfa was somewhat lower than that in Goiana
but still ranged from 36 to 56%. Considering the low
water availability and relatively low biomass produc-
tivity in Caruaru, these %Ndfa correspond to 11 to
18 kg N ha™' from BNF, while in Goiana, with high
productivity, BNF contributed 65 to 265 kg N ha™"
(Table 3). Despite these high contributions, there was
no correlation between %Ndfa and biomass produc-
tivity. These contributions are underestimated because
they referred only to the aboveground parts of the
plants; fixed N was certainly incorporated into the
roots (not harvested), and some may have been
transferred to the soil.

The succulent and dry culm types did not differ in
the %Ndfa or amount of fixed N in the two munici-
palities where fixation occurred (Table 3), contradict-
ing our second hypothesis. In Caruaru, both groups



Nutr Cycl Agroecosyst (2020) 117:93-101

97

Table 1 Dry-matter
production (Mg ha™") of
fifteen sorghum genotypes
grown in 2014 in five
municipalities in
Pernambuco state, Brazil.
Means of three replicate
plots

Values followed by the
same letter in the column
are not significantly
different at the 0.05 level

Genotypes Goiana Ttambé Caruaru Serra Talhada
IPA 8602589 4.61 cd 8.46 bed 1.49 b 8.49 bede
SF 11 14.52 a 17.40 a 642 a 22.15a
IPA 730 1011 533 cd 6.92d 3.22 ab 8.49 bede
IPA 8602600 7.27 cd 9.36 bed 3.16 ab 9.07 bede
BR 506 8.71 abcd 13.54 abc 2.30 ab 8.57 bede
IPA 467-4-2 13.45 ab 18.26 a 1.80 b 12.07 be
IPA 2502 7.65 bed 10.07 bed 2.92 ab 6.57 cde
IPA P-F6 01 9.45 abc 16.58 a 6.37 a 10.07 bede
IPA P-F6 02 8.37 bed 13.88 abc 5.48 ab 10.74 bed
IPA P-F6 03 5.74 cd 8.09 bed 391 ab 8.91 cde
IPA P-F6 04 8.35 bed 14.29 ab 3.81 ab 7.16 bede
IPA P-F6 05 6.81 cd 8.85 bed 3.81 ab 13.32b
IPA P-F6 06 6.42 cd 8.36 bed 3.56 ab 12.82 be
IPA P-F6 07 491 cd 7.71 cd 2.74 ab 5.41 de
IPA P-F6 08 3.15d 8.97 bed 2.69 ab 4.08 e

(Tukey test)

had one genotype that did not fix N, while in Goiana,
only one genotype of the succulent group did not fix N,
but it was not the same genotype that did not fix N in
Caruaru.

Discussion

Sorghum is highly productive under dry and wet
conditions

The high aboveground biomass productivity obtained
under both irrigated and rainfed conditions confirms
the potential of sorghum genotypes to produce grains
and sugar or alcohol in the Northeast Region of Brazil.
Several genotypes with biomass production of above
ten and up to 22 Mg ha™' could be selected to be
planted in the humid zone, particularly in its border
area where rainfall is lower and sugarcane productiv-
ity is frequently limited by low water availability
(Sampaio et al. 1984). Even more important was the
productivity in the subhumid and dry zones, up to
5 Mg ha™!, indicating that sorghum can outcompete
maize, the main crop in these zones, which is more
sensitive to water stress (Sampaio et al. 2004). The
distribution of these two crops in the African Sahel,
the origin of sorghum, indicates that the introduced
maize was only competitive where water availability
was relatively high.

Table 2 Nitrogen accumulation (kg ha™") of fifteen sorghum
genotypes grown in 2014 in five municipalities in Pernambuco
state, Brazil

Gendtipo Goiana Itambé Caruaru Serra Talhada

IPA 8602589 127 ¢
SF 11 339 a
IPA 730 1011

182 abc 23 b 122 b
321 abc 98 a 273 a
160 abc 146 ¢ 57 ab 121 b

IPA 8602600 168 abc 221 abc 42 ab 126 b
BR 506 194 abc 313 abc 33 ab 116 b
IPA 467-4-2 320ab 334ab 27Db 148 b
IPA 2502 196 abc 231 abc 44 ab 113 b
IPA P-F6 01 229 abc 322 ab 100 a 142 b
IPA P-F6 02 210 abc 350 a 84 ab 156 b
IPAP-F6 03 140 bc 190 abc 61 ab 133 b
IPA P-F6 04 200 abc 328 ab 60 ab 120 b
IPA P-F6 05 167 abc 222 abc 66 ab 177 ab
IPAP-F6 06 184 abc 160 bc 62 ab 182 ab

IPA P-F6 07 128 ¢
IPA P-F6 08 94 ¢

182 abc 25b 82b
243 abc 46 ab 770

Means of three replicate plots

Values followed by the same letter within columns are not
significantly different at the 0.05 level (Tukey test)

Biological N, fixation is high at some sites
The high productivity in the three municipalities with

sufficient water availability and with N concentrations
within the normal range for sorghum aboveground
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biomass resulted in high levels of plant N accumula-
tion that were above 100 kg ha™' in most genotypes
(Tables 1 and 2) and that in all cases were above the
amount of N applied as fertilizer (45 kg ha™" at most).
Even in Caruaru, the municipality with low rainfall,
where productivity was lowest, most of the genotypes
accumulated more N than the amount applied as
fertilizer; they certainly accumulated more N than the
amount derived from the fertilizer, since under field
conditions, the efficiency of N fertilizer utilization
rarely exceeds 50% (Martinez-Feria et al. 2018; Yang
and Udvardi 2018). The accumulation was also higher
than that measured in the shoots because the below-
ground biomass was not included in the
measurements.

In the humid municipality of Goiana, except in one
genotype, over 54% of plant N, and as much as 78% of
plant N, originated from symbiotic fixation (Table 3);
these percentages are equivalent to 65 to
218 kg N ha™'. The genotype with a different pattern
(BR506) had a high signal of 8'°N, similar to those of
the reference nonfixing species; therefore, there was
no evidence of biological fixation. In Caruaru, the
proportion of N originating from N, fixation was lower
than that in Goiana but still high for most genotypes
(34-56%), despite water limitation. Due to this
limitation, which resulted in low biomass and N
accumulation (Tables 1 and 2), the amounts of fixed N
in the aboveground biomass were only 11-48 kg ha™"

(Table 3). Two genotypes had no evidence of fixation,
but neither of them was the same genotype that did not
show fixation in Goiana; that genotype showed a good
fixation level in Caruaru (48% Ndfa). These results
confirm that noninoculated sorghum can derive high
proportions of N from association with fixing bacteria
(Ferreira Neto et al. 2017) and that without water
limitation, sorghum can incorporate large quantities of
N into the plant-soil system. These amounts may
represent an important economic contribution and
make production viable under the minimum input
system that prevails in the Northeast Region of Brazil
(Tiessen et al. 2001).

Comparisons of these proportions of N derived
from the atmosphere with those of sorghum planted
elsewhere are limited by the low number of published
results, explained by the fact that fixation in sorghum
plants was only confirmed a few years ago (Ferreira
Neto et al. 2017; Santos et al. 2017). The %Ndfa of
one sorghum genotype planted as a green manure crop
together with several other species (Ferreira Neto et al.
2017), including legume species, was as high (79%) as
the highest levels in Goiana. The amounts fixed in the
manure crop were lower, but a direct comparison
cannot be made since the sorghum was not planted as a
single crop. The three genotypes (grain, forage and
sugar-rich) inoculated with selected diazotrophic
bacteria in the work of Santos et al. (2017) had
lower %Ndfa (< 32%) than those in Goiana and

Table 3 Proportion of

A . . Genotypes Goiana Caruaru

nitrogen in the plant derived

from the atmosphere (% Ndfa (%) Fixed nitrogen (kg ha™!) Ndfa (%) Fixed nitrogen (kg ha™!)

Ndfa) and amount of

nitrogen fixed in fifteen TPA 8602589 57.1 a 71 ¢ 0 0

sorghum genotypes grown SF 11 78.1 a 265 a 49.2 a 48 a

in 2014 in Goiana and IPA 730 1011  57.6a 97 be 3552 19a

Caruaru municipalities,

Pernambuco state. Brazil IPA 8602600 61.4 a 96 bc 427 a 19 a
BR 506 0 0 479 a 16 a
IPA 467-4-2 67.0 a 218 ab 39.8 a 11 a
IPA 2502 61.8 a 115 be 46.9 a 22 a
IPA P-F6 01 614 a 144 abc 423 a 42 a
IPA P-F6 02 570 a 129 abc 44.8 a 37a

] IPA P-F6 03 66.5 a 97 be 56.0 a 35a

g/llstasns of three replicate IPAPF604 5492 109 be 437 a 30a

Values followed by the IPA P-F6 05 74.5 a 108 bc 40.6 a 22 a

same letter in the column IPA P-F6 06 69.9 a 130 abe 0 0

are not significantly IPA P-F6 07 614 a 75 be 493 a 12 a

different at the 0.05 level IPA P-F6 08 69.1a 65 ¢ 478 a 25 a

(Tukey test)
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Caruaru, and only the grain genotype responded to the
inoculation. The forage genotype had significantly
higher %Ndfa than the grain and forage genotypes,
contrary to the results in Goiana and Caruaru, in which
the two groups of grain and sugar-rich genotypes did
not differ. However, in both groups, some genotypes
had higher %Ndfa than others, and comparison with
the single genotype per group in the work of Santos
et al. (2017) provides little additional information
regarding group performance.

No N, fixation occurred at other sites

Other Poaceae, especially sugarcane, can reach the
same high %Ndfa (Urquiaga et al. 2012; Baptista et al.
2014) as registered in Goiana while showing no N,
fixation in other places (Biggs et al. 2002). All
these %Ndfa determined for Poaceae species could
be altered if the B value of the calculation were found
to be different from 0. However, if the B value is
similar to those of most legume species (approxi-
mately—1%o), the differences would not be very large,
given that the signals of the reference species are
relatively high (5.87 and 9.95%o).

If N, fixation were confirmed in some municipal-
ities, the absence of Nsfixation in some of the
genotypes in Goiana and Caruaru and all the genotypes
in the other three municipalities casts doubts about the
possible generalization of the beneficial effects of this
symbiosis. Large variations in the fixation proportions
of C4 Poaceae are common (Biggs et al. 2002; Baptista
et al. 2014; Carvalho et al. 2017). Effective symbiosis
is dependent on the presence of diazotrophic bacteria
and the appropriate environmental conditions for
integrated functioning. Endophytic bacteria, such as
those that form symbiotic relationships with sorghum,
commonly belonging to several genera, such as
Azospirillum, Herbaspirillum, Gluconacetobacter,
Enterobacter, Bacillus and Paraburkholderia (Ron-
cato-Maccari et al. 2003; Coelho et al. 2009; Yoon
etal. 2016; Silva et al. 2018; Antunes et al. 2019), may
occur within seeds or may migrate from the soil; in
both cases, they invade roots and stems (Luna et al.
2010). If the seeds did not carry the bacteria, the
absence of these bacteria in the soil could be the cause
of the lack of fixation in Belo Jardim, Itambé and Serra
Talhada. If the seeds contained the bacteria, consid-
ering that the seeds came from the same sources for all
experiments, diazotrophic bacteria would be available

at all sites. In this case, and if bacteria were present in
all soils, the growing conditions hampered fixation in
Belo Jardim, Itambé and Serra Talhada. It is not known
what the limiting condition is, since temperatures were
similar and the large difference in water availability
(Table S2) did not impede fixation in Goiana and
Caruraru (Table 3). However, the limiting condition
could be a nutrient deficiency. Phosphorus deficiencies
seem to limit BNF in native legume plants under
nonfertilized conditions (Silva et al. 2017), but it is
unlikely that P or K deficiencies blocked fixation since
all experiments were fertilized to the recommended
levels. The only consistent differences in the soil
characteristics from the sites where fixation occurred
and did not occur were lower Ca and silt concentrations
(Puri et al. 2017) in the former (Table S3). The
importance of Ca for BNF of legume plants has been
repeatedly demonstrated (O’Hara 2001; Weisany et al.
2013), and it is likely that it is also important for N,
fixation in Poaceae species, even though endophytic
N, fixation is different from N, fixation through nodule
formation. However, fixation occurred in the areas
with lower Ca concentrations, and the correlation
would indicate that somewhat higher Ca concentra-
tions would block N, fixation. No references were
found relating higher soil Ca concentrations to the
inhibition of N, fixation. Additionally, no reference
was found relating lower silt concentrations to the
absence of effective symbiotic N, fixation.

Until a clearer knowledge of the causes of the lack
of N, fixation in some genotypes and at some sites is
gained, the benefits of symbiotic N, uptake may
remain a random perspective and cannot be counted on
while planning crop management. Since fixation can
reduce the need for N fertilization and result in large
economic gains, studies of N, fixation with more
genotypes and at more sites are urgently needed.
These studies should address possible nutrient defi-
ciencies, especially micronutrient deficiencies, differ-
ent forms of inoculation and the complex field of plant
and bacteria interactions.

Conclusions
Sorghum has high potential to fix atmospheric N, even
without inoculation with symbiotic bacteria. The

potential is similar for grain, forage and sugar-
producing genotypes, but some genotypes within each
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group performed better than others, indicating the
possibility of selection for genotypes that are more
efficient at N, fixation. However, the absence of N,
fixation in all genotypes at some sites and in a few
genotypes at sites where other genotypes showed N,
fixation indicates that factors not accounted for could
block effective symbiosis. These factors must be
identified before fixation can be depended on for crop
management planning.
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