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Identification and symbiotic characterization of indigenous rhizobial isolates are the basis for
inoculant formulations needed for sustainable grain legume production. This study screened for
morpho-genetic diversity of indigenous cowpea nodulating rhizobia in farmers’ fields across two
contrasting agroecological zones of Northern Mozambique. The photosynthetic function induced by
the isolates in their homologous cowpea was assessed. The results showed high genetic variability
among the isolates based on morphology and ERIC-PCR fingerprinting. The trap cowpea genotype did
not influence the diversity of isolates collected from the two different agroecologies, suggesting that
the cowpea-rhizobia compatibility may be conserved at species level. Phylogenetic analysis of the 16S
rRNA gene assigned representative rhizobial isolates to species in the Bradyrhizobium and Rhizobium
genera, with some isolates showing high divergence from the known reference type strains. The
isolates from both agroecologies highly varied in the number and biomass of nodules induced in the
homologous cowpea, resulting in variable plant growth and photosynthetic activities. A total of 72%
and 83% of the isolates collected from the agroecological zones 7 and 8 were respectively classified as
highly effective candidates with >80% relative effectiveness compared to plants fertilized with nitrate,
indicating that elite native strains populated the studied soils. Moreover, the top 25% of high N,-fixing
isolates from the two agroecologies recorded relative effectiveness ranging from 115 to 154%, values
higher than the effectiveness induced by the commercial Bradyrhizobium sp. strain CB756. These
strains are considered as having potential for use in inoculant formulations. However, future studies
should be done to assess the ecologically adaptive traits and symbiotic performance under field
conditions.

Nitrogen is one of the essential macro nutrient elements required for plant growth, synthesis of macromolecules
such as chlorophyll needed for photosynthesis? and other biomolecules such as Rubisco which reduces CO,
during photosynthesis®. Inadequate level of mineral N in soil can limit plant growth and reproduction through
inhibition of chlorophyll and Rubisco formation with reduced carbohydrate production*’. With adequate mineral
N, however, plant growth can easily be developed with sufficient sunlight, water, carbon dioxide and nutrients
via photosynthesis®.

Soil depletion of nitrogen and phosphorus is the major nutritional stress causing a decline in the per capita
food production in Sub-Saharan Africa and other parts of the world”!. The annual loss of N from soils in
Mozambique is estimated at >60 kg ha .. As a result, there is a need to replenish soil N through application
of mineral fertilizers. However, the high cost of N fertilizers in Africa makes them inaccessible to resource-
poor smallholder farmers'*'. Fortunately, inclusion of legumes in cropping systems has been documented as
a cheaper partial alternative to N fertilizers due to their ability to fix N, when in symbiosis with rhizobia'>'6.
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Origin of Isolates in Mozambique
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Figure 1. A map showing (a) the geographic origins of the cowpea isolates from Mozambique that were used in
this study. The sampling locations are (b) magnified and indicated by means of coloured markers/pointers that
are defined using legends. The map was created using Google Maps (https://www.google.com/maps) by adding
markers corresponding to the GPS coordinates of the sampling locations. The resulting map was cropped to
obtain the areas consisting of the sampling locations used in this study. The detailed map is available at https://
www.google.com.gh/maps/@-14.5660144,38.6943858,6.5z/data=!4m2!6m1!1s15WALAjloz1lm-E2-u4QD4
MatOlcDYdMD¢?hl=en (last accessed on 8th January, 2021).

Nitrogen fixation by bacteroids in root nodules ensures the supply of high amounts of N required for meeting
plant growth'”'® and have turnover effects on companion or following non-leguminous crops when grown simul-
taneously or in rotation'>'**. Thus, food legumes are considered a necessary component of cropping systems in
low-input agriculture at nearly no cost to farmers?"*2.

The cowpea-Rhizobium symbiosis is highly efficient as it contributes more than 60% of the legume’s N require-
ment, and up to 200 kg N ha™! to the cropping system?**-2>, However, the efficiency of N, fixation differ for
various legume/rhizobia combinations and for soil and climatic conditions?*-?. For example, indigenous rhizobia
may be abundant in soils and infected root, but yet be inefficient or exhibit low N,-fixing efficiency, leading to
retarded plant growth®". Under such conditions, inoculation of the legume with highly effective rhizobial strains
can improve N, fixation, plant growth and grain yield*"*2. However, formulation of effective rhizobial inoculants
requires screening and selection of highly effective and competitive native N,-fixing isolates compatible with the
host plant and better suited for N, fixation in a wide range of environments®. The ability of rhizobial isolates to
form efficient symbiosis with recommended host legume has been considered a major criterion used for selection
of rhizobial strains for inocula production®***.

In Mozambique, there is a rising interest in the use of rhizobial inoculants for enhanced legume
production®3>%-37 However, the inoculants used there are imported mainly from South Africa and Kenya, and
are formulated using exotic rhizobial strains. Although recent studies have demonstrated the presence of cowpea-
compatible rhizobia in Mozambican soils**, there is limited information regarding their N,-fixing efficiency.
Earlier reports have revealed the presence of efficient N,-fixing rhizobia nodulating soybean in Mozambique®®*?”.
This suggests the need of screening for efficient symbionts for other grain legumes, including cowpea. Further-
more, despite the presence of highly diverse cowpea-nodulating rhizobia in Africa and elsewhere®*, little is
known about their diversity in the Mozambican legume production fields.

The aim of this study was to assess morpho-genetic diversity of cowpea-nodulating rhizobia in Mozambican
soils, and ordering them according to their symbiotic effectiveness. The study also includes a comparison between
N fertilization and a commercial inoculant of Bradyrhizobium sp. strain CB756 currently under use in this area
and further assessment of variations in photosynthetic functioning induced by inoculation with diverse native
rhizobial isolates on cowpea, their homologous host.

Materials and methods

Work locations. The bacterial strains used in this study were isolated from root nodules of cowpea col-
lected from farmers’ fields in Mulapane (Latitude: — 14.93521266 and Longitude: 39.7655745), Meconta district,
Muriase (Latitude: — 15.01492147 and Longitude: 39.49549732) and Namachilo (Latitude: — 15.062666 and
Longitude: 39.193373) in the Rapale district, all three study sites in the Agroecological zone 7 (AEZ 7), along
with others from Ilha de Mogambique (Latitude: — 15.036449 and Longitude: 40.732331), Mussuril (Latitude:
— 14.886520 and Longitude: 40.553400) and Angoche (Latitude: — 16.216266 and Longitude: 39.914466) dis-
tricts, in the Agroecological zone 8 (AEZ 8) in the Nampula Province, Northern Mozambique (Fig. 1).
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The cowpea genotypes IT-16, IT-18, Sudan-1, T-1263 and T99K-529-1 along with the locally cultivated
landrace Namuruwa were used as trap hosts across the locations in AEZ 7. However, only the local landrace
Namuruwa was planted as a trap host in AEZ 8.

The two agroecologies were chosen for their contrast in the amounts of rainfall. The agroecological zone 7
(AEZ 7) is characterized by an annual rainfall of 1000 to 1400 mm, with an evapotranspiration ranging from
100 to 1400 mm and annual daytime temperatures of 24 to 26 °C. The predominant soils in this AEZ 7 are
ultisol and oxisol. In contrast, AEZ 8 receives an annual rainfall of 800 to 1200 mm, experiences much higher
evapotranspiration (> 1400 mm) and average daytime temperatures higher than 25 °C. The predominant soil
type in AEZ 8 is alfisol.

Sampling of root nodules and bacterial isolation. Root nodules of cowpea used in this study were
sampled from 27 farmers’ fields, 12 fields from AEZ 7 and 15 from AEZ 8. All the 27 fields were of unknown
history of rhizobial inoculation. The nodules were collected between flowering and early podding stage. Five
plants were dug up from each farmer’s field using a hand hoe, the nodulated roots were placed in plastic bags,
and transported to the laboratory in a cooler box containing ice. The roots were washed, nodules detached and
stored on silica gel covered by a layer of sterile cotton wool contained in plastic vials at 4 °C prior to bacterial
isolation, as described by Somasegaran and Hoben*.

The bacterial isolates got named to be distinguished as isolated by the academic institution of the study with
a prefix (TUT = Tshwane University of Technology) followed by the host plant species (Vu= Vigna unguiculate
L. Walp.) from which the nodules were obtained, the geographic origin (location) of the nodule (AG = Angoche,
IM =TIlha de Mog¢ambique, MS = Mussuril, ML = Mulapane, MU = Muriase, NM = Namachilo), and then an
assigned serial number.

Authentication of isolates in glasshouse. The isolates were tested for their ability to form root nod-
ules on the homologous cowpea host (genotype IT-18) in a naturally lit glasshouse (with plants depending on
naturally prevailing sunlight) at the Tshwane University of Technology, South Africa. The isolates from AEZ 7
were evaluated in two separate experiments: 1 and 2 in 2015, while the isolates from AEZ 8 were tested in one
experiment in 2016. Surface-sterilised seeds* of cowpea (genotype IT-18) were planted in autoclaved sand con-
tained in sterile plastic pots. Two seeds were planted per pot and thinned to one after germination. The seedling
in each pot was aseptically inoculated in the laminar flow hood with 1.0 ml of rhizobial culture (10° cells ml™)
grown in yeast extract mannitol broth to the exponential phase. Three replicate pots were used for each isolate,
arranged in randomised complete blocks. The seedlings were raised in the glasshouse at an average day and night
temperature of 28 °C and 20 °C, respectively. The plants were supplemented with equal amounts of N-free nutri-
ent solution and sterile distilled water when necessary. Uninoculated plants were included as negative control,
while plants inoculated with the commercial Bradyrhizobium sp. strain CB756 or supplied with 5 mM KNO,
were included as positive controls. At 60 days after sowing, the plants were uprooted and assessed for nodulation.
Plants with dark green leaves and internal reddish/pink nodule colouration indicated effective nodulation and
most likely efficient symbiotic N fixation.

Symbiotic effectiveness of the rhizobial isolates. To assess the symbiotic effectiveness of the rhizobial
isolates, photosynthetic rates (A) and stomatal conductance (gs) were measured on young and fully expanded
trifoliate leaves of 60-day-old cowpea plants grown in the glasshouse. Gas exchange measurements were meas-
ured using a portable photosynthesis system (LI 6400XT, version 6.2, Lincoln, Nebraska, USA) as described
in Mohammed et al.**. The plants were harvested and assessed for nodule number and dry weight and shoot
biomass. The nodules and shoots were separately oven-dried at 60 °C for 48 h and weighed. The use of plant
parts in the present study complied with international, national, and/or institutional guidelines*’. The relative
effectiveness of each rhizobial isolate with the N-fertilized counterparts was calculated as®’:

E Shoot dry matter of inoculated plant 100
= X
Shoot dry matter of N - fertilized plant

The isolates were categorised as highly effective (>80% RE), moderately effective (50 to 80% RE), lowly effec-
tive (35 to 49% RE) and ineffective (<35% RE).

Morphological characteristics of rhizobial isolates. To assess colony morphology, the authenticated
rhizobial isolates were re-streaked on yeast mannitol agar (YMA) plates, incubated at 28 °C and monitored for
bacterial growth from 2 to 12 days. The morphological characteristics recorded included colony colour (white,
milky, watery or translucent), texture (gummy, elastic or dry), shape (flat, circular, domed or irregular) and size
(colony diameter). The colonies which took <5 days to appear on YMA plates were classified as fast growers as
opposed to the slow growers which took >5 days to appear*>*.

Bacterial genomic DNA extraction and ERIC-PCR fingerprinting. The genomic DNA of each
rhizobial isolate grown in YMB (1 x 10° rhizobia cells ml™") was extracted using a GenElute Bacterial Genomic
DNA kit according to the manufacturer’s instructions (Sigma Aldrich, USA), then subjected to ERIC-PCR in
a Thermal cycler (T100 Bio-Rad, USA) in a 25 ul reaction volume as described by Ibny et al.*’. The ERIC-PCR
products were electrophoresed in 1.2% agarose gel stained with ethidium bromide (1 pg ml™") in 1X TAE buffer.
A standard molecular marker (GeneDirex 1 kb ladder) was included to estimate the weight of bands. The gels
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Number and proportion of
isolates from
Characteristic AEZ7 AEZ 8
Growth (days)
<5 (fast) 8(10.13%) | 6(10.34%)
>5 (slow) 71 (89.87%) | 52 (89.66%)
Size (diameter)
<1.5 mm 49 (62.03%) | 44 (75.86%)
1.5-4.5 mm 30 (37.97%) | 14 (24.14%)
Shape
Irregular 22 (27.85%) |12 (20.69%)
Domed 11(13.92%) |3(5.17%)
Circular 45 (56.96%) | 43 (74.14%)
Flat 1(1.27%) -
Colour
Milky 56 (70.89%) | 45 (77.59%)
Translucent 5(6.33%) 2 (3.45%)
Whitish 9 (11.39%) 6 (10.34%)
Watery 6 (7.59%) 4 (6.90%)
Yellowish 3 (3.80%) 1(1.72%)
Texture
Gummy 75 (94.94%) | 54 (93.10%)
Dry 4 (5.06%) 4 (6.90%)

Table 1. Summary of the morpho-physiological characteristics of native rhizobial strains tested. AEZ
agroecological zone.

were photographed under UV trans-illuminator using the gel documentation system Gel Doc XR +, Bio-Rad,
USA.

Cluster analysis based on the ERIC-PCR banding patterns was done with the UPGMA (Unweighted Pair
Group Method with Arithmetic mean) algorithm to generate a dendrogram using the software Bionumerics
(version 8.0).

PCR amplification of the 16S rRNA and sequencing. To identify the rhizobial symbionts of cowpea
in this study, representative isolates were subjected to phylogenetic analysis based on the 16S rRNA gene. For
this, the selected isolates were subjected to PCR amplification of the 16S rRNA gene using primer pairs in a 25 pl
reaction mixture as described previousely®. To confirm the PCR products, gel electrophoresis was carried out in
1% agarose gel stained with ethidium bromide in TAE buffer at 85 V for 1 h.

The amplified PCR products were purified using PCR Clean-up kit (NEB, USA) by following the manufac-
turer’s instructions. The purified amplified products were sent to Macrogen (Netherlands) for sequencing of
one strand of the 16S rRNA gene. Thereafter, the quality of sequences was checked using the software BioEdit
7.0.9.0°°. The BLASTn program was used to search for closely related species in the NCBI database®'. Pairwise
and multiple sequence alignments, and phylogenetic trees were constructed using trimmed sequences of uniform
lengths by means of the maximum likelihood statistical method using MEGA 7 software®. The robustness of
branching was estimated using 1000 bootstrap replicates®. The sequences were deposited in the NCBI to obtain
accession numbers (MZ007813-MZ007845).

Statistical analysis. The quantitative data on symbiotic effectiveness and gas-exchange measurements
were subjected to analysis of variance using GenStat, 11th Edition. The datasets were normally distributed with
mean ~ median, kurtosis and skewness values respectively ranging from — 0.80 to+1.33 and — 0.58 to+1.16.
Where significant differences were expressed, the means were compared using the Duncan’s multiple range
test at p<0.05. Pearson’s correlation analysis was performed to determine the relationships between variables.
The variability in the mean values of the symbiotic and gas-exchange parameters was explored using Box and
whisker plots.

Results

Morphological characterisation of the rhizobial isolates. A total of 203 isolates were obtained from
root nodules of cowpea collected from various locations in two agroecological zones in Mozambique (Fig. 1).
Of them, 175 isolates (99 from AEZ 7 and 76 from AEZ 8) induced root nodulation. Hundred and thirty-seven
isolates (79 from AEZ 7 and 58 from AEZ 8) were used for evaluation of the symbiotic effectiveness and gas-
exchange capacities.
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Table 1 shows that the isolates differed in their cultural characteristics. At each agroecological district, 90%
of the isolates were found to be slow-growers and took > 5 days to appear on YMA plates, while 10% exhibited
fast growth. Furthermore, 62% of the isolates from AEZ 7 and 76% from those of AEZ 8 had smaller colony size
of diameter < 1.5 mm, while 38% from AEZ 7 and 24% from AEZ 8 induced colony diameters between 1.5 and
4.5 mm. Most colonies, 45 from AEZ 7 and 43 from AEZ 8, were circular in shape. The other isolates were flat,
domed or irregular. Besides, most isolates (71% from AEZ 7 and 78% from AEZ 8) had milky colonies, while the
remaining isolates were translucent, whitish, watery or yellowish in colour. Moreover, 95% of isolates from AEZ
7 and 93% from AEZ 8 were gummy in texture while only 5% and 7%, respectively, exhibited dry colony texture.

Genetic diversity of the rhizobial isolates. The ERIC-PCR fingerprinting for the 175 authenticated
rhizobial isolates showed variable band patterns. The dendrogram constructed from their banding patterns
grouped them into 157 ERIC-PCR types when considered at a 70% similarity cut-off point, which were fur-
ther grouped into 15 major Clusters (A-O) (Fig. 2). Except for Clusters A and B, which exclusively comprised
isolates from AEZ 7, the remaining clusters were heterogeneous, consisting of isolates from the two agroecolo-
gies. Interestingly, within the heterogenous major Clusters, the isolates from the same agroecology were largely
grouped in proximity, albeit a few exceptions (Fig. 2). Most isolates which were identical based on the ERIC-PCR
fingerprints originated from the same location and agroecology, albeit a few exceptions. For example, except for
isolates TUT VuIM13 and TTVuMS23 respectively from Ilha de Mogambique and Mussuril in AEZ 8 which were
identical in Cluster M, the other identical isolates in Clusters C, G, ], K and L originated from the same location
within their respective agroecologies (Fig. 2).

Phylogeny of isolates based on 165 rRNA gene. Representative isolates with variable symbiotic effec-
tiveness were selected from the various ERIC-PCR clusters for phylogenetic analysis based on sequence analysis
of their 16S rRNA gene, which assigned 30 isolates to species of the genus Bradyrhizobium (Fig. 3) and only
three isolates to the genus Rhizobium (Fig. 4). The aligned sequences were trimmed to a final uniform length
of 958 bp for the Bradyrhizobium isolates and 1127 bp for the Rhizobium isolates before the construction of
phylogenetic tress. On the Bradyrhizobium branch of the phylogenetic tree, isolates from different locations in
the two agroecologies grouped together (with 95.5-100% sequence similarity) and shared 99.6-100% similarity
with the type strain Bradyrhizobium zhanjaingese in Cluster Ia (Fig. 3). Cluster 1b on the same branch comprised
isolates TUTVuMS?2 from Mussuril and three other isolates from Ilha de Mogambique which grouped together
(98.4-99.8% sequence similarity) and shared 98.2-99.5% sequence similarity with B. yuanmingense and B. cajani
(Fig. 3). Although isolates TUTVuIM7, TUTVuIM17 and TUTVuIM18 stood alone in Cluster II (99.7-99.8%
sequence similarity), they shared 99.6-99.8% sequence similarity with the type strains B. liaoningense and B.
cajani. Furthermore, isolate TUTVuAG25 shared 99.5%% similarity with B. vignae in Cluster III (Fig. 3). How-
ever, the fours isolates in Cluster IV grouped alone, but shared 98.7-99.6% sequence similarity with B. icense and
B. paxallaeri. On the other hand, Cluster V comprised isolates from different locations which shared 99.1-99.7%
sequence similarity. Within Cluster V, the isolates shared 99.2-99.6% sequence similarity with type strains such
as B. elkanii, B. pachyrhizi, B. icense, B. mercantei, B. namibiense and B. erythrophlei (Fig. 3). However, isolates
TUTVuAG17 and TUTVuML74 stood as out-groups away from any reference type strain (Fig. 3).

On the Rhizobium branch of the phylogenetic tree (Fig. 4), isolate TUTVuMUI15 grouped with R. pusense
and R. massiliae, with 90.5 and 90.7% sequence similarity, respectively in Cluster I. On the other hand, isolates
TUTVuML47 and TUTVuML55 grouped in Cluster II (98.4% sequence similarity) and shared 98.0-98.8%
similarity with R. jaguaris, R. miluonense and R. paranaense (Fig. 4).

Nodule numbers and dry matter. The 137 rhizobial isolates were tested for symbiotic effectiveness which
showed variable nodulation capabilities (Fig. 5; Tables S1 and S2). The variation in nodule number elicited by the
isolates from AEZ 7 in Experiments 1 and 2 were nearly similar, with interquartile range of 72 and 73 nodules
per plant, respectively (Fig. 5a). In contrast, the number of nodules induced by the isolates from AEZ 8 in a
single nodulation assessment was found having less variability with interquartile range of 61, as indicated by the
relatively smaller box limits (Fig. 5a). However, the isolates from AEZ 8 generally induced more nodules ranged
from 54 nodules per plant by isolate TUTVuMS10 to 307 nodules by TUTVuIM2 (Fig. 5a; Table S2). This con-
trasted with much lower number produced by isolates from AEZ 7 in Experiments 1 and 2, which ranged from
9 nodules per plant by isolate TUTVuNMS to 229 nodules by TUTVuML37 (Fig. 5a; Table Sla and S1b). Fur-
thermore, the differences in nodule DM per plant produced by the isolates from the two agroecologies followed
a similar trend as their nodule numbers (Fig. 5b). Of the isolates from AEZ 7, 24% from experiment 1 and 26%
from experiment 2, formed significantly more nodules (p <0.05) on cowpea when compared to the commercial
Bradyrhizobium sp. strain CB756 in both Experiments 1 and 2 (Table Sla and S1b). However, about 88% of the
isolates from AEZ 8 formed greater nodule numbers compared with the commercial strain CB756 (Table S2).

Shoot dry matter. The shoot DM production induced by isolates obtained from AEZ 7 varied, indicating
relatively higher interquartile range in experiment 1 (1.5 g plant™*) and experiment 2 (2.0 g plant™'), when com-
pared to the smaller box limits or interquartile range (1.4 g plant™) of the values induced by the isolates from
AEZ 8 (Fig. 5¢). Although plant growth assessed by shoot biomass elicited by the isolates from AEZ 8 showed
less variability in this aspect, the values were generally greater. They ranged from a minimum of 1.67 g plant™
induced by isolate TUTVuIM3 to 5.70 g plant™! by TUTVuMS25 (Fig. 5¢; Table S2). In contrast, the isolates from
AEZ 7 expressed less plant growth, with shoot biomass ranging from 1.37 to 5.77 g plant™ by isolates TUT-
VuNM10 and TUTVUML27, respectively, and with a mean of 3.53 g plant™ in experiment 1 and 3.64 g plant™*
in experiment 2 (Fig. 5¢; Table Sla and S1b).
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Figure 2. Dendrogram constructed from the ERIC PCR fingerprints of 175 cowpea-nodulating rhizobial
isolates from two agroecological zones of Mozambique. Major clusters are labelled with Bold alphabets. The
cowpea isolates having distinct ERIC PCR profiles at a cut-off point of 70% similarity (indicated by red line) are
labelled using Arabic numerals. Where consecutive isolates possess different ERIC PCR profiles, the numbering
is skipped and continued at the next group of isolates.
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Figure 3. Maximum likelihood molecular phylogenetic analysis of native cowpea nodulating Bradyrhizobium
isolates from Mozambican soils based on 16S rRNA gene sequences. The aligned sequences were trimmed to a
uniform length of 958 bp for the construction of the phylogenetic tree. For each isolate and reference type strain,
the accession numbers are indicated in brackets.
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Figure 4. Maximum likelihood molecular phylogenetic analysis of native cowpea nodulating Rhizobium
isolates from Mozambican soils based on 16S rRNA gene sequences. The aligned sequences were trimmed to
a uniform length of 1127 bp for the construction of the phylogenetic tree. For each isolate and reference type
strain, the accession numbers are indicated in brackets.

Of the isolates from AEZ 7, 9 out of the 33 tested in Experiment 1 and 22 out of the 46 isolates in Experiment
2 induced greater (p <0.05) shoot DM accumulation than the commercial Bradyrhizobium strain CB756 which
recorded shoot DM of 2.94 and 3.10 g plant™!, respectively (Table S1a and S1b). Of the same AEZ 7 isolates, 6
from Experiment 1 and 9 from Experiment 2 induced significantly greater plant growth (shoot biomass) than
the 5 mM KNO; fertilization (Table Sla and S1b). Moreover, 10 out of the 58 isolates from AEZ 8 induced sig-
nificantly greater shoot DM accumulation than the application of 5 mM nitrate (Table S2). On the other hand,
27% of the 58 isolates from AEZ 8 stimulated higher nodule DM than the commercial strain CB756 (Table S2).

Photosynthesis and stomatal conductance. There was marked variability in the photosynthetic rates
and stomatal conductance elicited by the tested isolates from the two agroecological districts, which came in
accordance with the observed differences in root nodulation and shoot DM (Fig. 5a-d).
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Figure 5. A Box and whisker plot analyses of the variability in nodulation, shoot biomass and photosynthetic
physiology of cowpea inoculated with native rhizobial isolates from AEZ 7 and AEZ 8 of the Nampula Province,
Mozambique. Centre lines indicate the median; X indicates the mean while box limits indicate the lower and
upper quartiles; outliers are indicated by dots.

Of the isolates from AEZ 7, 7 isolates in experiment 1 and only one isolate in experiment 2 elicited greater
photosynthetic rates than what was induced by the commercial strain CB756, while 25 and 24, respectively,
induced higher photosynthetic rates than N-fed plants (Table S1a and S1b). However, the commercial Bradyrhizo-
bium sp. strain CB756 together with 42 of the tested isolates from AEZ 8 induced greater photosynthetic rates
(p<0.05) than 5 mM in nitrate-feeding (Table S2).

Relative effectiveness of rhizobial isolates. The relative effectiveness of the tested isolates, based on
host plant shoot DM, expectedly showed similar variation as the plant growth induced by the isolates from the
two agroecologies. The isolates from AEZ 7 exhibited marked variation in their relative effectiveness, with values
ranged from 37% for isolate TUTVuNM10 to 155% for TUTVuML27, with a mean of 94% in experiment 1 and
98% in experiment 2 (Fig. 5f). Despite the relatively low variability in the relative effectiveness of isolates from
AEZ 8, they were generally more effective as they expressed a higher mean relative effectiveness with values
which ranged from 45% for isolate TUTVuIM3 to 153% for the TUTVuMS25 with a mean of 108% (Fig. 5f).
When all the isolates from the two agroecologies were compared, 11% from AEZ 7 and 5% from AEZ 8 exhibited
low effectiveness of 35-50% RE, 16% from AEZ 7 and 12% from AEZ 8 were effective (50-80% RE), while 72%
from AEZ 7 and 83% from AEZ 8 were highly effective (>80% RE) (Fig. 6; Table Sla, S1b and S2).

Comparing the symbiotic parameters of the most highly effective rhizobial isolates from AEZ
7and AEZ 8. For brevity, the top 25% of the high N,-fixing isolates in the upper whiskers of the box plots for
the two agroecologies (Fig. 5f) were compared in Table 2. A one-way ANOVA revealed significant differences
in nodule number, nodule DM, photosynthetic rates and stomatal conductance induced by the top N,-fixing
isolates from the two agroecologies (Table 2). For example, inoculating cowpea with isolates TUTVUIM2, TUT-
VuIM17, TUTVuAGI11 and TUTVuIM22 from AEZ 8 resulted in higher (p <0.05) nodule numbers of 307 + 14,
288+40, 286+ 32 and 239+ 12 /plant, respectively, than the isolates from AEZ 7 that were used in experiments
1 and 2 which produced 58 to 193 nodules/plant (Table 2). The four isolates also elicited more nodules on the
homologous cowpea host than the commercial Bradyrhizobium sp. strain CB756 which produced 130+ 6 and
119+ 8 nodules in experiments 1 and 2 with isolates from AEZ 7 and 123 + 11 nodules when tested with isolates
from AEZ 8 (Table 2). On the other hand, isolates TUTVuML55, TUTVuML63, TUTML41, TUTVuML?75,
TUTVuMU13 and TUTVuMU4 from AEZ 7 induced much higher nodule DM on cowpea (values ranged from
0.40 to 0.50 g plant™) than most isolates from AEZ 8 (which produced relatively more nodules) and the com-
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Figure 6. Summary of relative effectiveness of authenticated rhizobial isolates from agroecological zones 7 and
8 in Mozambique.

mercial inoculant strain CB756 which recorded 0.19 and 0.21 g plant™ nodule DM in experiments 1 and 2,
respectively) (Table S1).

Of the top N,-fixing isolates selected from those of AEZ 7, TUTVuMU10 and TUTVuML63 from Muriase
and Mulapane elicited the highest photosynthetic rates of 25.46 and 23.36 umol CO, m™2 s}, respectively than the
remaining isolates from AEZ 7 and AEZ 8 as well as the commercial inoculant strain CB756 (Table 2; Table S1).
In general, the isolates that expressed greater stomatal conductance also stimulated high photosynthetic activi-
ties. However, there were some exceptions (Table 2).

The top 25% of the rhizobial isolates tested from AEZ 7 and AEZ 8 produced nearly similar shoot DM yield
which ranged from 4.63 to 5.77 g plant™, except for TUTVuMU10 which scored only 4.30 g plant™ (Table 2).
The relative effectiveness values of the selected isolates ranged from 115 to 154%. The 5 mM KNO; supplemented
plants were considered to have 100% theoretical RE while the plants inoculated with strain CB756 scored 88.4%
RE, in comparison (Table 2).

Correlation analysis. The correlation analysis performed for nodule number, nodule dry weight and shoot
dry matter induced by rhizobial isolates collected from AEZ 7 and AEZ 8 revealed significantly positive rela-
tionships between nodule number and nodule dry weight at AEZ 7 for experiments 1 and 2 (r=0.6328*** and
r=0.6431***, respectively), and at AEZ 8 (r=0.5801***). Nodule number and shoot dry matter were significantly
correlated at AEZ 7 for both the experiments 1 and 2, calculated to be r=0.4018"** and r=0.4723***, respec-
tively, and at AEZ 8 (r=0.3543***). Same was found for nodule dry weight and shoot dry matter with isolates
from AEZ 7 when used in experiments 1 and 2 (r=0.6349*** and r = 0.6071***, respectively), while in AEZ 8 the
correlation was r=0.2996*** (Table S3).

Discussion

Morpho-genetic diversity of rhizobial microsymbionts of cowpea in Mozambique. Cowpea
rhizobial strains are widely distributed in soils across Africa and other parts of the world***2. They exhibit
marked morpho-genomic variability35’43’44. In this work, of a total of 203 cowpea root-nodule bacteria isolated,
175 were able to elicit functional nodules on their homologous host. Most of the isolates that failed to nodulate
the host plant are most likely non-nodulating endophytes resident in nodules®. Additionally, these isolated bac-
terial symbionts of cowpea which were collected from two agroecologies of Mozambique exhibited marked mor-
phological variability as evidenced by differences in colony size, shape, texture, colour and growth rate (Table 1).
The majority of them were slow-growers with small colony sizes, a finding consistent with an earlier report
that found that most cowpea symbionts in Mozambican soils form smaller colonies with diameters less than
1.5 mm*. Mohammed et al.* also isolated slow-growing cowpea rhizobia from Ghanaian and South African
soils that had small colony sizes as well as similar colour and shape as those found in this study. Interestingly,
the rhizobial isolates collected for this study were found to be genetically diverse and could be grouped into 157
distinct ERIC-PCR types at a 70% similarity cut-off point (Fig. 2), which is consistent with other studies that
found cowpea can be nodulated by genetically diverse rhizobial populations in Mozambique and other African
countries®**445435 Using one cowpea genotype, Namuruwa, as a trap host in AEZ 8 and several other genotypes
IT-16, IT-18, Sudan-1, T-1263 and T99K-529-1 as well as Namuruwa used in AEZ 7 did not influence the diver-
sity of the isolates from AEZ 8, suggesting that there was no effect of the host cultivars on isolate distribution
in the ERIC-PCR clusters (Fig. 2). Interestingly, no rhizobial isolates from any of the cowpea genotypes used
formed an exclusive cluster, confirming recent reports that cultivar differences had no influence on the genomic
relatedness of rhizobial symbionts nodulating cowpea and Kersting’s groundnut in Ghanaian, South African and
Mozambican soils***°. Furthermore, the fact that some ERIC-PCR clusters were homogenous in terms of the ori-
gin of isolates, and others heterogenous (comprising isolates from different agroecologies) suggests that, while
the distribution of rhizobial types may be shaped by edaphic and climatic factors, some others seem to exhibit
wider adaptation and could therefore occur in contrasting environments. This was also reported by Mohammed
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isolates Treatment no. plant™ gplant™! gplant™ m2s! mol m2s! %
Isolate
TUTVUMLA1 | 155.0048.00c-j | 0.49+0.01ab |555+0.55a | 16.91+0.10nop | 0.18=0.01nop | 148.66+ 14.69a
TUTVuML74 | 83.00+35.00k-n | 0.32+0.04d-i | 5.33+0.43ab | 18.60+0.21k-n | 0.16+0.01nop | 142.86+ 11.40ab
TUTVuML55 | 142.00+21.00e-m | 0.50+0.06ab | 5.33+0.67ab | 22.17+0.91b—f | 0.45+0.01c-i | 142.86+17.92ab
AEZ7 TUTVUML75 | 125.00+12.00f-n | 0.49+0.04ab |5.28+0.22ab |17.96+0.01l-0 | 0.19+0.00nop | 141.29 +5.80ab
Ist Experi- | TUTVUMLI6 | 131.00+44.00f-n | 0.39+0.07a—f | 5.03+0.38ab | 19.11+0.26j-m | 0.23+0.01l-0 | 134.82+10.30ab
ment TUTVuMLI2 | 58.00+ 14.00n 0.20+0.01k-n | 4.90+0.12abc | 22.16+0.01b-f | 0.56+0.00ab | 131.25+3.09abc
TUTVuML66 | 196.00+23.00c—f | 0.34+0.06d-h | 4.67+0.93a-e | 11.99+0.15r 0.12£0.00pq | 125.00 +25.00abc
TUTVuMLIS |72.00+2.00mn | 0.35+0.01d-h | 4.63+0.78a-e | 20.81+0.84g—j | 0.38+0.02h-k | 124.11+20.77abc
TUTVuMUI10 | 61.00+7.00n 0.14+0.02n | 4.30+0.64b—f | 25.46+0.42a 0.54+0.04abc | 115.18+17.22bcd
TUTVuMLI1 | 193.00443.00c-g | 0.37+0.02c-g | 5.73+0.20a | 17.23+0.76mno | 0.17+0.01nop | 153.57+5.43a
TUTVUML27 | 147.00+37.00d-k | 0.48+0.08abc |5.77+0.33a | 20.82+1.38g—j | 0.40+0.06g-k | 154.46+8.93a
TUTVUML63 | 122.00+8.00f-n | 050+0.02a |5.75+026a |23.36%0.09b 0.31+0.01klm | 154.02+6.96a
TUTVuMUI3 | 122.00+11.00f-n | 0.43+0.03a-d | 553+0.27a | 13.68+0.00pr | 0.14=0.000pq | 148.21+7.31ab
TUTVUML3 | 58.00+15.00n 0.20+0.05k-n | 5.40+0.06ab | 18.06+0.35k-n | 0.22+0.02m—p | 144.64+ 1.55ab
AEZ7 TUTVUML25 | 122.00+12.00f-n | 0.31+0.07e-k | 5.33+0.82ab | 20.02+0.13h-k | 0.16+0.0lnop | 142.86+22.00ab
fnnei fxperif TUTVUMLI9 | 90.00+4.00j-n | 0.32+0.02d-j | 5.27+0.55ab | 19.39+0.71i-l [ 0.19+0.0lnop | 141.07+14.70ab
TUTVuMLA47 | 174.00+53.00c-h | 0.36+0.04c-h | 5.17+0.5%b | 18.25+2.49k-n | 0.20+0.04nop | 138.39+15.87ab
TUTVuMU4 | 75.00+11.00lmn | 0.40+0.06a-e | 5.00+0.85ab | 18.24+0.75k-n | 0.24+0.04l-0 | 133.93+22.78ab
TUTVuML28 | 175.00+18.00c-h | 0.19+0.01lmn | 4.77+0.15a-d | 22.22+0.85b-f | 0.39+0.03g-k | 127.68 +3.8%abc
TUTVUML30 | 93.00+9.00i-n | 0.21£0.04j-n |4.70+0.51a~d | 22.41+0.77b-f | 0.33+0.02jkl | 125.89+13.75abc
TUTVAML31 | 11600£9.00h-n | 22500101 470.10100-d | 15262123pq | 0.1420.020pq | 125.89+2.68abc
Isolate
TUTVuMS25 | 171.00+2.00c-h | 0.35+0.02d-h | 5.70+0.21a | 20.97+0.37g-j |0.37+0.01h-k |152.69+5.58a
TUTVuUAGI1 | 286.00+52.00ab | 0.34+0.05d-h | 5.57+0.52a | 21.78+0.99b-g | 0.43+0.08d-i | 149.12+13.95a
TUTVUMS24 | 158.00+46.00c-j | 027 =007 155740030 | 2062+040gj | 0374003k | 149.12£0.89
TUTVUAG17 | 168.0049.00c-h | 0.41+0.03a—e | 537+0.15ab |21.36+0.54c-g | 0.38+0.05h-k | 143.76+3.89ab
TUTVuMS2 | 146.00+11.00d-1 |0.30+0.03e-1 |530+0.40ab |21.77+0.75b-g |0.46+0.06c~i | 141.98+10.83ab
TUTVUAGI9 | 219.00+57.00b-d | 0.39+0.03b-g | 5.23+0.62ab | 22.93+0.76b-e | 0.36+0.03ijk | 140.19+16.68ab
TUTVuIM2 | 307.00+14.00a | 0.34+0.07d-h | 520+0.45ab |21.92+0.71b-g |0.53+0.05a-d | 139.30+ 12.08ab
AEZS TUTVuMS22 | 165.00+17.00c-i | 0.28+0.05f-m | 5.17+0.32ab | 22.03+0.46b-f | 0.39+0.04g-k | 138.41+8.52ab
TUTVuAG4 | 225.00+34.00bcd | 0.35+0.05d-h | 5.13+0.37ab | 22.04+0.70b-f | 0.50+0.03b—f | 137.51+9.94ab
TUTVuIM22 | 239.00+12.00abc | 0.40+0.01a-e |5.13+0.19ab |23.08+0.66bcd | 0.56+0.05ab | 137.51 +4.97ab
TUTVUMS17 |218.00+44.00b-d | 0.41+0.06a—¢ | 5.10+0.36ab | 22.41+0.44b—f | 0.48+0.01b-g |136.62+9.66ab
TUTVuIMI8 | 226.00+39.00bcd | 0.39+0.01a—f |5.00+0.25ab |22.08+0.51b-f |0.51+0.06b-e | 133.94+6.74ab
TUTVuIM17 | 288.00+40.00ab | 0.42+0.03a-d | 4.87+0.46abc | 21.00+1.31f~i | 0.47+0.13b-h | 130.37+12.41abc
TUTVuIM24 |207.00+25.00c-¢ | 0.30+0.05¢-1 | 4.80+0.10a-d | 21.25+0.55d-h | 0.45+0.04c—i | 128.58+2.68abc
TUTVUAG] | 168.00+3.00c-i | 0.43+0.02a-d | 4.77+0.32a-d | 21.10+0.25f-h | 0.41+0.02f-k | 127.69+8.52abc
gﬁ;ggﬁ 130.00+0.00f-n | 0.19+0.00mn |2.94+0.00f | 20.58+0.32g—j | 0.42+0.00e-j | 88.39+3.09d
g};;r;‘éi?i 119.00+0.00g-n | 0.21+0.00k-n | 3.10£0.00f | 22.50+0.01b—f | 0.56+0.00ab | 88.39+3.09d
g'];;r;g?m 123.00+1.00f-n | 0.22+0.00i-n |3.30+0.12fg | 23.22+0.42bc | 0.62+0.03a | 88.40+3.09d
5 mM KNO,* - - 351+0.11efg | 16.10£0.0lop | 0.25+0.00lmn | 100.00+11.61cd
5 mM KNO,* - - 3.68+0.06d-g | 16.92+0.00nop | 0.23+0.00l-0 | 100.00+11.61cd
Iigll(b)/im - - 3.73+0.43c-g | 19.08+0.36j-m | 0.40+0.00g-k | 100.01+11.61cd
Uninoculated* - - 0.43£0.01g 0.59+0.00s 0.02+0.00r -
ggggcu- - - 045+0.00g | 0.63+0.01s 0.02£0.00r | -
Egg@fu' - - 0.48+0.04g | 0.88+0.03s 0.05+0.00qr | -
F statistics 57544 5.94%+ 10.17+%* 64.61°* 19.81%%* 23744
Scientific Reports |  (2021) 11:12747 | https://doi.org/10.1038/s41598-021-91889-7 nature portfolio




www.nature.com/scientificreports/

Table 2. Nodulation, shoot biomass, relative effectiveness and photosynthetic functioning of cowpea
inoculated with top 25% of highly effective rhizobia isolated from cowpea root nodules sampled from AEZ 7
and AEZ8 of the Nampula Province, Mozambique. Values (Means + SE) with dissimilar letters in a column are
significant at ***p<0.001. * and *: Controls on Experiments 1 and 2 with isolates from AEZ 7 and ** controls
on Experiment with isolates from AEZ 8.

et al.*, who showed that some bacterial symbionts of cowpea from contrasting locations in Ghana and South

Africa shared closer genomic relatedness.

To identify the rhizobia responsible for cowpea nodulation in the agroecologies studied, representative isolates
were subjected to phylogenetic analysis based on sequence analysis of their 16S rRNA genes. Of the 33 isolates
selected from the major ERIC-PCR clusters, the phylogenetic analysis aligned 30 isolates to species belonging to
the genus Bradyrhizobium while three isolates showed closer relations with species in the genus Rhizobium. Thus,
whereas some isolates in this study closely aligned with B. zhanjaingese, B. yuanmingense, B. vignae and B. elkanii
in the Bradyrhizobium branch of the phylogenetic analysis (Fig. 3), other isolates, including TUTVuML47 and
TUTVuUMLSS5, showed closer alignment with R. jaguaris, R. miluonense and R. paranaense as evidenced in the
Rhizobium branch in Fig. 4. However, our findings are in accordance with an earlier report by Chidebe et al.*® who
found that the majority of cowpea symbionts in Mozambique are aligned to species of the genus Bradyrhizobium,
while fewer isolates were found aligned with species in the genus Rhizobium. The bradyrhizobial symbionts iden-
tified in this study included highly divergent isolates such as TUTVuAG17 and TUTVuML74 that can potentially
represent novel species, pointing Africa as a hotspot for bradyrhizobial diversity, as also reported earlier®”#+>7,

Symbiotic and photosynthetic functions. This study revealed high variability in the symbiotic effec-
tiveness and photosynthetic functioning parameters induced by inoculation with the native rhizobial symbionts
of cowpea obtained from the two contrasting agroecologies in Mozambique. Although the isolates from AEZ 7
induced more variable nodulation capacities, their counterparts from AEZ 8 induced greater nodulation with a
lower quartile that was much greater than the upper quartiles of the nodule number and nodule DM produced
by isolates from AEZ 7 (Fig. 5). The observed variation in cowpea nodulation by the tested isolates closely mir-
rored the photosynthetic functioning they induced in the homologous host; however, the isolates from AEZ 8
stimulated greater photosynthesis and stomatal conductance which were less variable when compared to values
induced by the isolates from AEZ 7. The fact that increased nodulation and photosynthetic rates caused by
isolates from AEZ 8 led to higher but relatively less variable shoot biomass and relative symbiotic efficiency
compared to the isolates from AEZ 7, suggests that the greater nodulation did not always translate into higher
N, fixation and/or plant growth. This strongly suggests that some nodule occupants were less effective in fixing
nitrogen. A number of studies have shown that legumes sometimes form ineffective and inefficient root nodules
with indigenous rhizobia®®*°. In this study, however, the isolates from AEZ 8 were far more effective and capable
of inducing greater shoot biomass with the lower quartile of their shoot DM and/or relative effectiveness values
being closer or similar to the median of the values for those parameters induced by the isolates from AEZ 7, as
shown in Fig. 5. The strong variation in the photosynthetic efficiency and symbiotic effectiveness of the indig-
enous isolates in this study emphasises the need to screen for high N,-fixing and locally well adapted isolates for
inoculant formulations.

The shoot dry matter of legumes raised in a N-free media can be considered a good indicator of the sym-
biotic effectiveness of their rhizobial symbionts®. As the uninoculated control plants expectedly exhibited the
least plant growth, the effectiveness of isolates was assessed by comparing the biomass of inoculated plants with
that of nitrate fed plants®’. Regarding the marked differences in the relative effectiveness of the isolates used in
this study, 58 out of the 79 isolates from AEZ 7 and 48 out of the 58 isolates from AEZ 8 were scored as highly
effective, with >80% RE. These results suggest the presence of highly effective rhizobial populations capable of
cowpea nodulation in Mozambican soils, which came in accordance with Mohammed et al.** who isolated very
effective native rhizobia from root nodules of cowpea grown in Ghana and South Africa. Conclusively, there are
many super effective rhizobia in African soils that are waiting to be discovered for use in agriculture!

In this study, although the top 25% of high N,-fixing isolates differed markedly in numbers and biomass of
the nodules they induced, the differences in the shoot biomass produced was statistically not-significant for most
isolates, thus, confirming that plant nodulation per se is not a sole indicator of symbiotic performance. However,
these isolates generally supported better plant growth than the commercial inoculant of Bradyrhizobium sp. strain
CB756 and quantity of the applied mineral N used. However, the greater photosynthetic functioning elicited in
cowpea by the top N,-fixing isolates obtained from the two agroecologies can be related to increases in synthe-
sis of chlorophyll in the inoculated plants, as compared to the nitrate feeding counterparts, and/or enhanced
biosynthesis of Rubisco, the enzyme needed for photosynthesis®. Several studies have shown that rhizobial
inoculation can enhance symbiotic N supply, increase leaf chlorophyll and photosynthetic rates***+°5%, The
observed variability in photosynthetic rates and leaf stomatal conductance was found much greater for the isolates
from AEZ 7 when compared to the values of those parameters induced by isolates from AEZ 8. For example, the
photosynthetic rates and stomatal conductance induced by isolates from AEZ 7 had a greater interquartile range,
as indicated by their wider box limits relative to their counterparts from AEZ 8 which had narrower box limits
(Fig. 5d and e). Furthermore, the lower quartile of the photosynthetic rates and stomatal conductance induced
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by the isolates from AEZ 8 was either greater or closer to the median values of the same parameters produced
by the isolates from AEZ 7 in both the Experiments 1 and 2 (Fig. 5d and e).

Conclusion

The study here revealed the presence of highly effective rhizobia in Mozambican soils that can be exploited for
inoculant production as an alternative to the use of expensive fossil-based chemical fertilizers. Furthermore, the
high population of indigenous cowpea microsymbionts, and probably those of other legumes, from contrasting
agroecologies of Mozambique exhibited high N,-fixation efficiency and can elicit greater photosynthetic rates in
cowpea than N-fertilization. Their potential for use in inoculant formulations should be considered for enhanced
crop production, reduced input costs and assistance of environmental soundness.

Data availability:
Datasets used in this study are available from the corresponding author on reasonable request.
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