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Abstract
Endophytic diazotrophic plant growth-promoting bacteria Herbaspirillum rubrisubalbicans (HCC103), Herbaspirillum 
seropedicae (HRC54), Paraburkholderia tropica (Ppe8T), Gluconacetobacter diazotrophicus (Pal5T), and Nitrospirillum 
amazonense (CBAmC) have been used as inoculants for sugarcane. The genome sequences of these strains were used to 
design a set of specific primers for the real-time PCR (qPCR) assay. Primer specificity was confirmed by conventional PCR 
using the genomic DNAs of 25 related bacterial species and the five target strains. The qPCR assays were conducted using 
root and shoot samples from two sugarcane varieties (RB867515 and RB92579). These samples were collected both with 
and without inoculation, using the target strains specified in this study. The sugarcane plants were grown in a greenhouse, 
utilizing a substrate composed of sterile sand and vermiculite in a 2:1 ratio, for a duration of 55 days. The primers designed 
for this study successfully amplified target DNA fragments from each of the bacterial species, enabling their differentiation at 
the species level. The total bacterial population present in the sugarcane quantified using qPCR was on average 105.2 cells g−1 
of fresh tissue. Across both evaluated varieties, it was observed that the population of inoculated bacteria tended to decrease 
over time and became more concentrated in the sugarcane roots compared to the aerial parts. The qPCR results suggest 
that both the host and the microbes influence the endophytic population and the bacterial number decreases with plant age.
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Introduction

Sugarcane (Saccharum officinarum) is the main energy crop 
in Brazil and is used to produce sugar and ethanol. Bagasse, 
dry fibrous material that remains after crushing sugarcane 
stalks, is also used to generate electricity. Brazil continues 
to be the world's largest producer of sugarcane, with an 
estimated yield of approximately 642.7 million tons, from a 
cultivated area of 8,481 thousand hectares, with an average 
yield of 75,783 kg ha−1 in the year 2019–20 [1]. However, 
the average national yield of sugarcane corresponds to only 
20% of the potential productivity (380 Mg ha−1 year−1) of 
Brazil [2]. The low productivity of Brazilian sugarcane 
is related to several edaphoclimatic factors, including 
management practices such as lack of irrigation and use 
of nitrogen fertilizers. Some of the nitrogen requirements 
of sugarcane crops can be met using inoculants with 
selected diazotrophic plant growth-promoting bacteria 
(DPGPB) [3–5], thereby promoting an increasing interest 
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in developing potential biotechnological applications using 
endophytes for the sustainable production of sugarcane for 
biomass and biofuel generation [6, 7].

Based on the results of Oliveira et al. [3–8] a sugarcane 
inoculant was developed comprising a mixture of five bacte-
rial species isolated from different plant tissues: Herbaspiril-
lum rubrisubalbicans (HCC103), Herbaspirillum sero-
pedicae (HRC54), Paraburkholderia tropica (Ppe8T), 
Gluconacetobacter diazotrophicus (Pal5T), and Nitrospiril-
lum amazonense (CBAmC). The use of this inoculant in sug-
arcane plants does not fully replace the need for additional 
nitrogen fertilizers, but may provide up to 30% of the nitro-
gen accumulated by plant tissues depending on the soil type, 
nitrogen fertilizer dose, and plant variety [9–11]. In addition 
to supplying nitrogen, DPGPB also helps with the supply of 
phosphorus (P), potassium (K), and sulfur (S), which are 
macronutrients, and iron (Fe) and manganese (Mn), which 
are micronutrients [12]. DPGPBs also promote plant growth 
by synthesizing phytohormones, such as indole-3-acetic acid 
(IAA), cytokinins, and gibberellins, and regulating internal 
plant hormone levels, facilitating water access, increasing 
resistance to drought stress [13–15], and affecting the indus-
trial characteristics of sugarcane [16].

Since its conception, several research groups have tested 
the efficacy of sugarcane inoculants [5, 17–20]. However, 
the lack of information concerning the number of inoculated 
bacteria and the “natural” diazotrophicus bacteria population 
makes it difficult to establish the beneficial effects of the 
inoculants. One way to show the benefits of inoculation is to 
ensure that the bacteria in the inoculant are associated with 
sugarcane tissue. Therefore, a specific methodology should 
be able to quantify and distinguish between inoculated bac-
teria and “natural” bacterial populations. Additionally, it is 
essential that this methodology can monitor the inoculant 
bacterial population and provide a quick and accurate diag-
nostic method.

Currently, several culture-dependent, microscopic, and 
molecular methods have been developed to monitor bac-
teria in the soil and plants [21–23]. These include the use 
of reporter genes, immunoassays, and nucleic acids [24]. 
However, most of these methodologies have low precision, 
are time-intensive and laborious, and quantify microorgan-
isms that are not of interest [25–27]. To ensure that DPGPB 
of the inoculant is present in the plant for a long period, 
detection and quantification techniques must be sensitive, 
specific, and reproducible. Quantitative real-time PCR 
(qPCR) possesses all these features and is considered the 
most robust diagnostic microbial assay, especially for sam-
ples with a complex mix of organisms [24]. The qPCR is a 
well-established method for detecting and quantifying dif-
ferent organisms related to growth promotion in plants or 
the pathology such as nematode, and fungi [28] bacteria, 
and viruses [29]. This technique has been successfully used 

to quantify several bacteria associated with plants, including 
Azospirillum lipoferum (CRT1) [30] and Azospirillum bra-
silense (FP2) in maize [31, 32] and wheat [33], endophytic 
diazotrophic bacteria H. seropedicae (SmR1) in maize roots 
[34], and G. diazotrophicus in sugarcane [35]. Despite the 
ubiquity of qPCR, it is essential to design and use specific 
PCR primers that target particular microbes. Well-designed 
primers play a critical role in ensuring the specificity, sensi-
tivity, and robustness of a PCR assay. [36–38]. Although the 
design of strain-specific primers for closely related microbes 
poses a challenge, the recent increase in the availability of 
many sequenced microbial genomes has made this task more 
feasible. Thus, the present study aimed to design specific 
primers and establish ideal reaction conditions for qPCR for 
the detection and quantification of the endophytic DPGPB 
that constitute the sugarcane inoculant.

Materials and methods

Bacteria strains and growth conditions

The bacteria H. rubrisubalbicans (strain HCC103), H. sero-
pedicae (strain HRC54), Paraburkholderia tropica (strain 
Ppe8T), G. diazotrophicus (strain Pal5T), and N. amazon-
ense (strain CBAmC) used as inoculants for sugarcane were 
grown in modified DYGS liquid medium [39] containing (g 
L−1): glucose 2.0, malic acid 2.0; peptone 1.5; yeast extract 
2.0, K2HPO4 0.5, MgSO4.7H2O 0.5, and glutamic acid 
1.5, with the final pH adjusted to 6.0. The bacteria were 
cultivated in a 250 mL Erlenmeyer, in a final volume of 
100 mL, incubated in biological triplicates under aeration 
on a stirring table at 200 rpm, 30 °C for 24 h, except for the 
strain Pal5T, which was grown for up to 36 h under the same 
conditions of rotation and temperature. The optical density 
(OD) at 600 nm of each bacterial suspension was determined 
in triplicate and then serially diluted (dilution factor = 10). 
Dilutions were spread on solid modified DYGS medium 
(agar 15 g L−1) and incubated for 72 h at 30 °C; next, the 
bacteria in the plates were counted. Aliquots containing 
1 mL of the bacterial suspension were used for the extraction 
of genomic DNA. The genomic DNA of another 25 strains 
(Table 1) was obtained from the Johanna Döbereiner Bio-
logical Resource Center (CRB-JD) Embrapa Agrobiologia 
and was used to evaluate primer specificity.

Plant and bacterial DNA extraction

The extraction of total DNA from plant tissues (root 
and basal stalks) and bacteria were conducted using 
the cetyltrimethylammonium bromide (CTAB) buffer 
[48] modified with the addition of 5 mM ascorbic acid 
and 4  mM diethyldithiocarbamate sodium (DIECA), 
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4% polyvinylpyrrolidone (PVP) 40 in substitution with 
polyvinylpolypyrrolidone (PVPP), and withdrawal of 
β-mercaptoethanol. For total DNA extraction from the roots, 
the buffer was supplemented with 5% of β-mercaptoethanol 
(v:v), proteinase K (1 mg mL−1), lysozyme (25 mg mL−1), 
20% sodium dodecyl sulfate (SDS) (w:v), and phenol. 
Approximately 300  mg of powdered plant tissue was 
incubated for 45 min at 65 °C with 800 µL of preheated 
CTAB buffer at 65 °C. In the case of bacteria, a pellet of 
1 mL of bacteria grown in DYGS culture medium was 

incubated for 5 min at 65 °C with 750 μL of CTAB preheated 
at 65 °C and homogenized twice during the incubation 
period. The samples of plant tissues and bacterial pellets 
were then left on the lab bench until they reached room 
temperature. Subsequently, 5 μL of RNase (20 mg mL-1) 
and 5 μL of proteinase K (1 mg mL-1) were added to the 
solution, which was homogenized using a vortex shaker 
and then incubated at 37 °C for 30 min. Next, 700 μL of 
chloroform-isoamyl alcohol (24:1, v:v) was added, and 
after homogenization, the mixture was centrifuged at 
maximum rotation (16,000 × g) for 10 min. The supernatant 
was collected and 70% of isopropanol corresponding to 
the volume recovered was added. The samples were gently 
inverted 10 times, placed on ice for 15 min, and centrifuged 
at 10,000 rpm for 5 min. The supernatant was discarded and 
500 μL of 70% ethanol was added to the pellet, followed by 
centrifugation at 10,000 rpm for 5 min. The supernatant was 
discarded, and the pellet was dried in an exhaust hood under 
air flow for 2 h. The DNA, thus obtained, was rehydrated 
with 50 μL Tris-ethylene diamine tetraacetic acid (EDTA) 
(TE) buffer [10 mM Tris, 1 mM EDTA, pH 8.0]. The yield 
of extracted DNA (ng μL-1) and its purity (accessed by 
the ratio A260 nm/A280 nm) were determined using a 
NanoDrop® 2000 spectrophotometer.

Genomic typing of bacterial strains

BOX-PCR was performed using DNA from the five target 
strains and 25 taxonomically related strains (Table 1). The 
PCR reactions were prepared using the primer BOX A1R 
(5'-CTA​CGG​CAA​GGC​GAC​GCT​GACG-3') [49] and the 
following reagents: 2.5 µL of buffer 10 x; 1.5 µL MgCl2 
50 mM; 0.75 µL dNTP 10 mM; 2.5 µL of primer 10,000 nM; 
0.25 µL of Taq polymerase enzyme 5 U; 2.0 µL of 2% Tween 
20; 14.25 µL of water for PCR and 1 µL of bacterial DNA 
(10 ng µL−1). The conditions used for amplification were 
initial denaturation at 95  °C for 5 min, followed by 35 
cycles (94 °C for 1 min, annealing temperature, 53 °C for 
1 min, then 65 °C for 8 min, and final extension at 65 °C for 
16 min). The product of BOX-PCR (13 μL) was used for 
electrophoresis (70 V 300 min−1) on a 2% agarose gel (w:v), 
stained with ethidium bromide, and visualized on Kodak 
Logic 100 KODAK® photo documentation. The 1 kb Plus 
Ladder marker (Invitrogen™, USA) was used as a molecular 
weight marker. The pattern of bands observed in the gel was 
used to construct a dendrogram to evaluate the degree of 
similarity between the different strains using the program 
BioNumerics v.7.6 (Applied Maths, Belgium). The similar-
ity matrices used for dendrogram construction were calcu-
lated using the Jaccard correlation coefficient and grouping 
of similarity matrices by the unweighted pair group method 
with arithmetic mean (UPGMA) algorithm and optimization 
levels and tolerances adjusted to 1.0.

Table 1   Bacterial strains used in the study

a National Center for Research in Agrobiology

Species/strain ID CNPABa Host Plant Reference

Herbaspirillum rubrisubalbicans
  HCC103 BR11504 Sugar cane Oliveira et al. [8]
  M1 BR11191 Sugar cane Olivares et al. [40]
  M4T BR11192 Sugar cane Olivares et al. [40]
  M5 BR11193 Sugar cane Olivares et al. [40]
  M6 BR11194 Sugar cane Olivares et al. [40]
  HRC52 BR11511 Sugar cane Olivares et al. [40]

Herbaspirillum seropedicae
  HRC54 BR11335 Sugar cane Oliveira et al. [8]
  ZAE67T BR11175 Rice Baldani et al. [41]
  HRC80 BR11198 Sugar cane Olivares et al. [40]
  HCC102 BR11336 Sugar cane Olivares et al. [40]
  HS4 BR11382 Coconut CNPABa

  ZAE94 BR11417 Rice Baldani et al. [41]
Paraburkholderia tropica

  Ppe8T BR11366 Sugar cane Oliveira et al. [8]
  Ppe5 BR11363 Sugar cane Reis et al. [42]
  Ppe7 BR11365 Sugar cane Reis et al. [42]
  117 BR11820 Rice Rodrigues et al. [43]
  141 BR11827 Rice Rodrigues et al. [43]

Paraburkholderia vietinaminesis
  139 BR11826 Rice Rodrigues et al. [43]

Gluconacetobacter diazotrophicus
  Pal5T BR11281 Sugar cane Oliveira et al. [8]
  PR-1 BR11199 Sugar cane CNPABa

  PR34 BR11228 Sugar cane CNPABa

  PRC1 BR11237 Camerum grass Reis et al. [44]
  PSP19 BR11251 Sugar cane CNPABa

  17R−2 BR11952 Sugar cane Guedes et al. [45]
Nitrospirillum amazonense

  CBAmC BR11145 Sugar cane Oliveira et al. [8]
  Ym6 BR11147 Corn Azevedo et al. [46]
  YA95 BR11160 Rice Azevedo et al. [46]
  YS58 BR11162 Sorghum Azevedo et al. [46]
  YA14 BR11171 Rice Azevedo et al. [46]
  Aam15 BR11929 Rice Magalhães et al. [47]
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Primer design

To design specific primers for the Pal5T, Ppe8T, and CBAmc 
strains, we used the genome sequences available in the Gen-
Bank database under the accession numbers NC_011365.1 
[50], MSDZ00000000.1 [51], and NZ_CP022110.1 [52], 
respectively. For the HRC54 strain, primers were designed 
based on the sequence of the M15 family metallopeptidase 
gene (accession number ACP92_01130/WP_013232277.1). 
The genomic sequence of the HCC103 strain, which was 
used for primer design, was extracted from the Genome 
Assembly and Annotation Tool (GAAT) database at 
Embrapa Agrobiology [53] and is available upon request. 
The genomic sequences of Pal5T, Ppe8T, CBAmC, and 
HCC103 were fragmented in silico into contigs of 500 bp 
and were subjected to a similarity analysis against sequences 
from other microorganisms available on the National Center 
for Biotechnology Information (NCBI) using the BLAST 
program (https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi). Contigs 
with no similarity to any other bacteria were selected for 
primer design. None of the primers designed from random 
500 bp contigs of the HRC54 genome proved to be spe-
cific. Therefore, in order to design primers specific to the 
HRC54 strain, we had to identify genes that are unique to 
the Herbaspirillum seropedicae species. The primers were 
designed using the Primer3plus program [54] and Oligo 
Explorer v.1.0 (http://​www.​softp​edia.​com/​get/​Scien​ce-​
CAD/​Oligo-​Explo​rer.​shtml). Care was taken to avoid the 
formation of dimers and hairpin structures in the primer 
sequences. The following conditions were used: i) length 
between 19 and 21 nucleotides, (ii) GC content between 40 
and 60%, iii) amplicons with sizes less than 200 bp, and iii) 
melting temperature close to 60 °C with differences between 
the primers (ΔTm) < 2 °C. The designed primers were pre-
fixed with Hr103, Hs54, Pt8, Gd5, and NaCb to represent 
HCC103, HRC54, Ppe8T, Pal5T, and CBAmc strains, respec-
tively. Initially, all 39 primer pairs were assessed in conven-
tional PCR to confirm their specificity for each respective 
strain.

Primer test using conventional PCR

The designed primers were initially used for conventional 
PCR (cPCR) to verify the specificity of each primer pair. 
cPCR reactions were performed at a final volume of 25 μL 
with the following regents: 2.5 μL of 10 × buffer, 2.25 μL 
of MgCl2 50 mM, 0.5 μL of dNTP 10 mM, 1.0 μL of each 
primer (10 nM), Taq 0.2 μL of polymerase 5 U; 1 μL of bac-
terial DNA (10 ng μL−1), and water 17.55 μL. The amplifica-
tion conditions were as follows: initial denaturation at 95 °C 
for 5 min, followed by 35 cycles of denaturation at 95 °C for 
15 s, annealing at the specific temperature and time (refer to 

Table 2), extension at 72 °C for 30 s, and a final extension 
step at 72 °C for 5 min. The PCR product was subjected to 
agarose gel electrophoresis 2% (w:v), stained with ethidium 
bromide, and photo documented.

Real time PCR quantification

qPCR reactions were performed on a 7500 Fast Real-
Time PCR System (Applied Biosystems, USA, Cat. No. 
275013373) in a final volume of 15 µL containing 6.5 µL 
of SYBR ™ Green (Promega ™, USA), primers (Table 2), 
5 μL of DNA samples, final concentration of 15 to 30 ng 
of bacterial DNA or 50 ng of plant tissue DNA, and water 
to complete the reaction volume. The amplification condi-
tions were as follows: initial denaturation at denaturation at 
95 °C for 2 min, followed by 40 cycles of 95 °C for 30 s, and 
annealing temperature, as shown in Table 2.

Construction of standard curves

The genomic DNA from the HCC103, HRC54, Ppe8T, Pal5T, 
and CBAmC strains was quantified using the Qubit dsDNA 
HS (high sensitivity) assay kit with the Qubit fluorometer. 
The concentrations of the samples were standardized to 5.0, 
5.0, 6.0, 4.0, and 5.0 ng μL−1, respectively, and they were 
serially diluted for use in qPCR and for constructing the cali-
bration curve. To calculate the copy number of each target 
DNA molecule, the genome size of the bacteria (Table S1), 
Avogadro constant (6.023 × 1023), and molecular weight of 
the DNA (660 Da bp−1) were used. The curves were plotted 
using log10 of the target DNA copy number corresponding 
to the cycle threshold value (Ct) generated by dilution points 
ranging from 106.5 to 101.5 copies in the qPCR reaction. 
Primer amplification efficiencies for the qPCR was deter-
mined using Eq. 1, where E is the amplification efficiency 
(%) and S is the slope value of the standard curve.

Bacterial quantification

Each strain of the sugarcane inoculant was quantified by 
qPCR using the genomic DNA extracted from 1 mL of the 
culture medium or 300 mg of plant tissue and bacterial 
counting in plates using dilutions enough to observe 30 to 
300 colony-forming units (CFU). Bacterial quantification 
by qPCR from DYGS culture medium was performed by 
calculating the number of cells mL−1 and the quantification 
of sugarcane plant tissues was performed by calculating the 
number of bacterial cells g−1 tissue. The cell number was 
calculated according to Eq. 2 [55].

(1)E = 10
−
(

1

S

)

− 1
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where A is the amount of target DNA fragments or cells cal-
culated using the Ct value of qPCR, B is the concentration of 
genomic DNA (ng μL−1), C is the volume of extracted DNA 
(μL), D is the mass of total DNA (ng) used in the qPCR 
reaction, and E is the volume (mL) or mass (g) value when 
the total DNA is isolated from the culture medium and plant 
tissue, respectively.

(2)Cellnumber = (A ∗ B ∗ C)∕(D ∗ E) qPCR quantification of sugarcane inoculant 
from in vitro cultivated tissues

The quantification of the five bacterial strains present in the 
sugarcane inoculant was conducted using qPCR with the 
most suitable primers. Sugarcane plants, which were 45 days 
old and cultivated in vitro in the growth chamber, were 
divided into two tissue types: roots and shoots. Each tissue 
was inoculated with an equal amount of the five bacteria 

Table 2   Primers developed for the biofertilizer with respective amplification conditions and reagent concentrations for PCR and qPCR

a calculated for the final volume of the reaction

Species/Primers Sequence Amplicon 
(pb)

PCR qPCR Aneling

Primer (nM)a MgCl2 
(mM)a

Tween 20 
(%)a

Primer (nM)a Tween 20 
(%)a

Tem-
perature 
(°C)

Time (s)

H. rubrisubalbicans
Hr103C1870 F
Hr103C1870 R

CAT​CAC​
GAC​CTT​
CGT​TGG​
CG

GCC​GAG​
TCC​GTT​
GAT​CTG​
GT

112 134
134

1.0 - 200
200

- 62 30

P. tropica
Pt8C14 F2
Pt8C14 R2

GAT​GCC​
TTT​GCT​
TCC​GGT​
GC

CCG​CTA​
GGG​CTC​
CCT​AAT​
CC

111 167
167

1.7 - 200
200

- 62 30

G. diazotrophicus
Gd5C4525 F2
Gd5C4525 R2

GCC​TTC​
CCC​AAG​
GTC​GCT​A

TGG​TCC​
CAG​TCG​
AAA​CCG​
C

143 167
167

1.5 0.05 200
200

0.03 63 30

N. amazonense
NaCbCgyrA F
NaCbCgyrA R

GCT​GTC​
GGA​TTT​
CAC​CAA​C

ATT​CAC​
CCT​CTT​
CCT​CCA​G

68 400
400

2.5 - 500
500

- 62 30

H. seropedicae
Hs54CpepM15 F
Hs54CpepM15 

R

ATT​CAC​
GCT​CCC​
TCG​ACG​
AC

CGG​GCT​
TGG​CGT​
TGG​TGA​
CG

186 167
167

1.7 0.20 200
200

0.20 63 30
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from the inoculant. To achieve this, the initial inoculum 
solution for each bacterium was adjusted to approximately 
109 cells per mL and then combined. Subsequently, 100 mg 
of each tissue was inoculated with 100 µL of the bacterial 
suspension, which contained the five bacteria from the 
inoculant and was prepared in serial dilutions ranging from 
101 to 109, with a 10 × dilution factor. The mixture was 
gently homogenized, incubated at room temperature, and 
after 3 h, DNA extraction was carried out to quantify the 
bacteria using the qPCR technique, following the previously 
described procedure.

Greenhouse experiment to test primer specific

The experiments were carried out at Embrapa Agrobiology, 
located at the BR 465 highway, km 7, in the Seropédica, RJ, 
Brazil (22°44′38″S, 43°42′28″W, and 26 m altitude). The 
experiment was conducted in a greenhouse with two com-
mercial sugarcane varieties (RB867515 and RB92579). The 
mini-stalks (mini-sett) containing a single node were used 
for inoculation, as described by Schultz et al. [4]. The stand-
ard size mini-stalks selected for planting were packed in raf-
fia bags according to the number required per plant row (15 
buds per meter) and immersed for 30 min in the inoculum 
suspension in 200 L containers. Before bacterial inoculation, 
the mini-stalks were subjected to heat treatment at 52 °C 
for 30 min [56] and treated with a 0.1% fungicide solution 
methyl N-(2-{[1-(4-chlorophenyl)-1H-pyrazol-3-yl] oxym-
ethyl} phenyl) N-methoxycarbamate (Piraclostrobin 250 g 
L−1) for 3 min and maintained for 2 h at room temperature 
(~ 25 °C). After inoculation, the seedlings were dried in the 
shade for 30 min and immediately planted in plastic boxes 
containing 12 kg of sterile substrate (sand and vermiculite 
2:1, w:w) and grown at greenhouse. The experiment had a 
completely randomized block design with three replications 
that had roots and shoots treated as subplots and collected 
at 25, 40, and 55 days after inoculation (DAI). During this 
period, the plants were irrigated every 2 days with the nutri-
tional Hoagland’s solution [0.1% KH2PO4 1 M (v:v); 0.1% 
K2HPO4 1 M (v:v); 0.2% MgSO4.7H2O 1 M (v:v); 0.172 g 
L−1 CaSO4.2H2O; 0.1%; minor elements (v:v); 0.1% of Fe 
(1.21 g Na2H2EDTA in 100 mL of distilled water and 0.6 g 
FeCl3.6H2O) (v:v)] [57] and supplemented with 1% nitrogen 
source (urea) at 40 days after planting.

Statistical analysis

All DNA samples were analyzed in three biological repli-
cates, each with three technical replicates. The quantification 
data were log transformed and analyzed for normal distri-
bution by the Shapiro–Wilk test, submitted to analysis of 
variance and Tukey's average test, all with p < 0.05, using 

the statistical program SISVAR™ (Lavras, Brazil) version 
5.6 [58].

Results

PCR reaction optimization and primer specificity 
in conventional PCR (cPCR)

To select the best primer pair for each of the five target 
strains, 39 primer pairs, including 13 for HRC54, 10 for 
HCC103, 8 for CBAmC, 4 for Ppe8T, and 4 for Pal5T, were 
tested. To determine the specificity and optimize the reaction 
conditions, all primers were evaluated by cPCR using the 
genomic DNA of 30 related bacterial strains (Table 1). 
MgCl2 concentrations for cPCR reactions ranged from 1.0 
to 2.5 mM, depending on the primers (Table 2). In addition, 
the best concentrations of primers for cPCR were between 
100 and 400 nM, and for qPCR, it ware 200 to 500 nM. 
The cPCR reactions with the Hs54CpepM15 and Gd5C4525 
primers showed the best amplification when 0.02 and 0.05% 
Tween 20 were added, respectively. Primer specificity was 
evaluated by cPCR using genomic DNA isolated from 30 
taxonomically related bacterial strains, including the five 
bacteria used as sugarcane inoculants. The cPCR reactions 
were carried out using either DNA from each strain or a 
mix of DNA from the five strains. Even when cPCR was 
carried out using a mix of DNA of the five strains, specific 
amplification was observed for each primer pair selected 
(Fig. 1). However, initial analysis of primer specificity 
suggested that the strains used within each species (Table 1) 
could be closely related; therefore, we decided to study the 
phylogenetic relationships between the strains. For this, 
we carried out BOX-PCR analyses of the five strains used 
as inoculants, as well as 25 taxonomically related strains. 
These data revealed that Pt8C14 primers, designed to be 
specific to the Ppe8T strain of the P. tropica species, showed 
some degree of cross-reactivity with closely related strains 
(Table S2 and Fig. S1). In contrast, when using Gd5C4525 
primers for the Pal5T strain of the G. diazotrophicus 
species and NaCbgyrA primers for the CBAmC strain of 
the N. amazonense species, the expected DNA fragment 
size was consistently amplified in all evaluated strains 
of their respective species (Table  S2). The primers 
Hr103C1780, designed for H. rubrisubalbicans strain 
HCC103, also amplified a fragment of ~ 112 bp from strain 
M6 (Table S2). In the case of the primer Hs54CpepM15 
designed for H. seropedicae strain HRC54, five out of the 
six strains tested (HRC54, ZAE76T, HR C80, H S4, and 
ZAE94) had a specific fragment (~ 186 bp) amplified by 
the cPCR (Table S2). However, it is important to note that 
phylogenetic analyses showed that most of these strains 
are phylogenetically remarkably close to those included in 
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the sugarcane inoculant (Fig. S1). Therefore, all selected 
primers are species-specific and, in the case of the primers 
for the HCC103 and Ppe8T strains, the specificity was very 
high because the PCR reactions showed only one cross-
reaction for HCC103 and two for Ppe8T.

Performance of primers in qPCR

For quantification of the target bacteria, a standard curve 
(linear equation) was generated from the qPCR with known 
DNA concentrations (Fig. S2). The averages of the Ct values 
of three independent qPCR reactions were used to determine 
the amplification efficiency (E) and the coefficient of deter-
mination (R2) of each pair of primers. Most of the values 
observed for these parameters are in accordance with the 
recommendations for amplification by primers in qPCR, 
with E between 90 and 105% and R2 higher than 0.985 
(Table S3). Melting curves of the amplified products for all 

selected primers showed only a single peak above 80 °C that 
indicating the amplification of only one DNA fragment. The 
sensitivity or limit of detection (LOD) of the primers was 
obtained using the sample with the lowest mass of genomic 
DNA, which demonstrated amplification of 100% of the rep-
licates used in the three qPCR assays. All selected primers 
presented LOD in the order of 102 femtograms (fg) of DNA 
(Table S4).

Quantification of bacteria in the sugarcane tissues 
by qPCR

The five bacteria used were individually quantified by 
qPCR, after inoculation of the mixture of the strains under 
serial dilutions in sugarcane tissues grown in vitro. As 
expected, there was a reduction in the number of bacterial 
cells quantified according to the dilution (Fig. 2). The plant 
tissue present in the DNA extraction mixture did not affect 

Fig. 1   PCR product of primers genomic DNA individual of each 
strain (a) Hr103C1870 (112  bp) (b) Hs54CpepM15 (186  bp) (c) 
Pt8C14 (111  bp) (d) Gd5C4525 (143  bp) (e) NaCbCgyrA (68  bp) 
and (f) Mix of the five bacterial strains. M: Molecular marker 

1  Kb Plus DNA Ladder (Invitrogen®, USA). a target strain, Hr: 
H. rubrisubalbicans; Hs: H. seropedicae; Pt: P. tropica; Gd: G. 
diazotrophicus and Na: N. amazonense 
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primer efficiency during the qPCR reactions. The number of 
bacteria quantified was remarkably similar to that quantified 
using the calibration curve prepared using only bacterial 
genomic DNA. The best primers selected for each strain 
were then used to quantify the five bacteria in sugarcane 
grown in a greenhouse for up to 55 days after inoculation.

Quantification of sugarcane bacterial inoculant 
in the greenhouse‑growing plants

The roots and shoots of the sugarcane plants harvested on 
the 25th, 40th, and 55th day after inoculation were used for 
total DNA extraction and bacterial quantification by qPCR 
with specific primers. The overall average of the number 
of bacteria that make up the sugarcane inoculant indicated 

a sharp decline over the collection period. In addition, it 
was observed that the number of bacteria of the five strains 
was the same in the inoculated and non-inoculated plants 
(Table 3). This effect was observed in the evaluated plant 
tissues, shoots, and roots (Fig. 3). When we calculated the 
bacterial numbers for each strain, significant differences 
were observed among bacterial species, and these differences 
were influenced by the plant variety (Table 4). The species 
P. tropica was quantified, but in relatively low numbers. 
However, inoculation significantly increased the abundance 
of these bacteria, particularly in the shoots and roots. N. 
amazonense, H. seropedicae, and G. diazotrophicus were 
detected at the species level because the primers designed 
for the target strains CBAmC, HRC54, and Pal5T amplified 
DNA fragments from the genomes of all strains evaluated 

Fig. 2   Quantification of 
bacteria from in vitro sugarcane 
cultivation inoculated under 
serial dilution (a) root (R) and 
(b) shoot (S)
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within their respective species (Table S2). Among the five 
bacteria evaluated, N. amazonense was the only one in which 
the detected population was significantly higher in the roots 
and shoots of inoculated plants (Table 4).

In the case of the two strains HCC103 and HRC54 
Herbaspirillum sp. there was also a significant difference 
in the number of cells quantified in plant tissues between 
25, 40, and 55 DAI-extracted samples (Fig. 3). The total 
number of H. seropedicae (HRC54 strain) detected during 
the three different periods was the highest. However, a sig-
nificant increase was observed only in the shoots of plants 
inoculated with the HCC103 strain (Table 4). In the case of 
G. diazotrophicus, qPCR quantification showed that, similar 
to most inoculant bacteria, its population was reduced at 40 
DAI (Fig. 3). In addition, the number of bacteria detected of 
this species was significantly higher in the roots and shoots 
of the control plants (Table 4).

In general, the population of sugarcane bacterial 
inoculants in variety RB867515 was significantly higher 
than that for variety RB92579 (Table 3). In addition, when 
each bacterial species was evaluated, most were found in 

Table 3   General average (log of the number of tissue g−1 cells) of the 
bacterial population of the inoculant for the root and aerial tissues, 
varieties and treatments

Statistically different means by the Tukey test (p < 0.05)*
a Standard deviation

Tissue Variety Condition

RB867515 RB92579 Control Inoculated

Shoot 4.96* 4.52 4.71 4.77
SD a  ± 1.17  ± 1.245  ± 1.343  ± 1.14
Root 5.49 5.47 5.45 5.51
SD a  ± 0.83  ± 0.92  ± 1.03  ± 0.68

Fig. 3   Monitoring of bacteria 
populations of five bacterial 
inoculated in sugarcane 
throughout the experiment 
conducted up to 55 DAI: 
(a) Aerial part and (b) 
Root. Hr: Herbaspirillum 
rubrisubalbicans, Hs: H. 
seropedicae, Pt: P. tropica, Gd: 
G. diazotrophicus and Na: N. 
amazonense. Mean statistically 
different from the others by the 
Tukey test (p < 0.05)*
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higher numbers in the shoots of the RB867515 variety 
compared to those of the RB92579 variety (Table 4).

Discussion

Primer validation

Primer design is a fundamental step in the quantitative 
accuracy of qPCR [36–38]. Specific regions from the 
genomic sequence of each strain in the sugarcane inoculant 
were used to design strain-specific primers. However, even 
when an exhaustive sequence analysis was performed 
in silico, finding specific primers for a given strain is 
not an easy task. The AOAC [59] recommended the ISO 
16140 guideline, which suggests that a number of strains, 
between 20 and 50, should be evaluated to ascertain primer 
exclusivity. To test primer specificity, we used DNA from 30 
different closely related bacterial strains (Table 1), as shown 
by BOX-PCR phylogenetic analysis (Fig. S1); however, an 
additional challenge was the absence of genomic sequences 
for several strains of the same species. Studies have also 
shown that most of the designed primers are not used, 
mainly because they are not specific to the target strain [31, 
33, 35]. We designed and validated a set of bacterial species-
specific primers for the sugarcane inoculant (Fig. 1). The 
primers designed for HRC54, CBAmC, and Pal5T could 
be considered species-specific because they could amplify 
a DNA fragment from several strains within the species 

(Table S2). We must consider that most of these strains are 
closely related and do not have any genomic information 
available to clearly define their phylogenetic position and 
aid in the identification of strain-specific sequence regions. 
Furthermore, qPCRs with strain-specific primers can be 
difficult to run using samples obtained from the field because 
closely related indigenous bacteria may interfere with the 
amplification and quantification [33]. Increasing the number 
of sequenced genomes from different strains may help solve 
this problem and help in designing a set of strain-specific 
primers.

To enhance the performance of both cPCR and qPCR, 
some primers underwent optimization using 2% Tween 20. 
According to Bachmann et al. [60], this nonionic detergent 
can be used at concentrations of up to 2.5% (v:v) without 
inhibiting PCR. Bustin and Huggett [37] recommended 
annealing temperatures within the range of 59 °C ± 2 °C 
for qPCR primers. However, they also demonstrated that 
well-designed primers could function effectively even when 
subjected to temperatures as high as 64 °C, without compro-
mising quantification accuracy. It's worth noting that all the 
primers developed in this study were subjected to annealing 
temperatures exceeding 60 °C (Table 2).

The amplification efficiency (E) of the primers in this 
study showed values within the recommended range of 
95–105% [37]. However, R2 of the standard curves for 
Hs54CpepM15 and Gd5C4525 primers in some tests 
was below 0.98, which is the minimum recommended 
value [37]. A single peak was observed above 80 °C in 

Table 4   Population (log of the 
number of cells g−1 of tissue) 
for the interaction of each 
bacteria from the sugarcane 
inoculant with the varieties, 
tissues, and treatments

Statistically different means by the Tukey test (p < 0.05)*
H.r.: H. rubrisubalbicans
H.s.: H. seropedicae
P.t.: P. tropica
G.d.: G. diazotrophicus
N.a.: N. amazonense

Tissue Species

H.s G.d N.a H.r P.t

Root log10

  Variety RB867515 5.695 6.385 5.731 5.416 4.251
RB92579 5.807 6.392 5.549 5.533* 4.086

  Condition Control 5.750 6.885* 5.325 5.350 3.963
Inoculated 5.752 5.892 5.955* 5.599 4.374*

Shoot log10

  Variety RB867515 6.221 5.909* 5.042* 4.350* 3.304*
RB92579 6.203 4.971 4.557 4.044 2.842

  Condition Control 6.242 5.712* 4.598 4.018 2.979
Inoculated 6.181 5.168 5.001* 4.378* 3.167
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the melting curves of most of the primers after qPCR. 
According to Bustin and Huggett [37], this characterizes 
the specificity of qPCR assays using the fluorescent dye, 
SYBR Green. It is important to point out that a second 
peak was formed in the melting curves when using primers 
Hr103C1870, Hs54CpepM15, and NaCbCgyrA with 
heavily diluted genomic DNA samples of strains HCC103, 
HRC54, and CBAmC (Fig. S3). Nonspecific amplification 
was observed with the use of the primers when the qPCR 
product was visualized on an agarose gel, as shown in 
Fig. S4a, b, and e. According to Azevedo et al. [61], an 
increase in the annealing time in the qPCR assay can be 
used to reduce nonspecific amplification. Additionally, an 
extra touchdown PCR step can also be used in the qPCR 
assay, or an annealing temperature that is higher than the 
recommended range (59 °C ± 2 °C) is used which is then 
successively reduced to reach the best annealing temperature 
for the primers [62–64].

The LOD analysis showed that the primers Pt8C14 and 
Gd5C4525, designed for the strains Ppe8T and Pal5T, respec-
tively, presented higher sensitivity and were able to amplify 
target fragments from 100 fg of genomic DNA. However, 
primers Hr103C1870, HsCpep54M15, and NaCbCgyrA 
amplified target DNA fragments from 1000 fg of genomic 
DNA from the bacterial strains HCC103, HRC54, and 
CBAmC, respectively (Table S4). The LODs were con-
firmed with more than 95% reproducibility in the amplifi-
cation stage of the qPCR of the target DNA fragment using 
standard curves of heavily diluted DNA samples (Fig. S4), 
as recommended by Kralik and Ricchi [65]. The LOD of 
the primers used in the present study was higher than the 
previously reported LOD of primers used for the quantifi-
cation of other bacteria, such as 1.0, 60.3, and 60.0 fg for 
Pseudomonas putida BP25 [66], H. seropedicae SmR1 [34], 
and A. lipoferum CRT1 [30], respectively.

A statistically significant difference (p < 0.05) between 
the different quantification techniques was observed only for 
the HCC103 primers (Fig. 3). The higher number of bacteria 
quantified by qPCR in this experimental assay is dependent 
on the fact that qPCRs quantify both viable and non-viable 
cells, whereas plate counts only account for viable cells. As 
observed by Ilha et al. [62], the number of CFUs per mL 
of Lactobacillus paracasei was statistically different from 
the results of the qPCR only at 28 days of incubation, when 
the number of viable L. paracasei cells in the yogurt sam-
ples was reported to be low. Quantification of A. brasilense 
FP2 from wheat seedlings and roots of corn seedlings also 
showed that qPCR was more sensitive than plaque quan-
tification [31–33]. However, it is important to emphasize 
that quantification in plaques uses semi-selective media, 
and there may be an overestimation of the actual population 
of target bacteria, especially when the analyzed matrix is a 
plant, as other microorganisms besides the target may also 

grow. Additionally, when primers have a low LOD or when 
there is a low concentration of target DNA in the sample due 
to losses in the isolation process, quantification using qPCR 
can be underestimated [67].

Bacterial quantification by qPCR using DNA isolated 
from sugarcane tissues

The primers developed in this study were suitable for quan-
tifying each of the five bacterial species in the sugarcane 
inoculant. This paves the way for the fast and accurate quan-
titative investigation of sugarcane microbial communities 
after inoculation. However, it's essential to emphasize that 
further research is required to design strain-specific prim-
ers for monitoring plant endophytic bacterial populations 
under field conditions using qPCR assays. The quantifica-
tion data obtained in our experiment showed that there was 
an increase in the overall average number of bacteria in the 
inoculated treatments compared to that in the control; how-
ever, this increase was not statistically significant (Table 4).

Plants support a specific population of endophytic 
microorganisms that can colonize them. Endophytic 
colonization refers to the entry, growth, and multiplication 
of endophyte populations within the host plant, and fitness 
outcomes in these traits reveal intense conflicts of interest 
between partners [68, 69]. It is reasonable to suggest that 
this interaction can become pathogenic when the plant 
loses control of the bacterial population, thereby causing 
a massive colonization of xylem mesophyll [40]. In our 
experiments, although the propagules were heat-treated 
according to the method reported by Landell et al. [56], 
the high number of bacterial cells quantified in the control 
suggested that the heat treatment was not sufficient to 
eliminate the bacteria from the plant matrices collected in the 
field and used as propagules. The number of cells per gram 
(105 cells g−1 of plant tissue) observed in non-inoculated 
plants was remarkably similar to that observed in several 
studies involving greenhouse and field experiments and was 
quantified using different techniques. We also observed that 
on average, the number of target bacteria was significantly 
higher in the roots than in the shoots (Table 4). Other authors 
have also reported that species such as G. diazotrophicus and 
Herbaspirillum sp. are abundant in the roots [25]. The qPCR 
analysis of each species of the inoculant showed that there 
was a significant increase in the number of quantified cells of 
N. amazonense and P. tropica per gram of tissue in the roots, 
N. amazonense and H. rubrisubalbicans in the shoots, and in 
the case of bacterial species G. diazotrophicus, the opposite 
effect was observed in both tissues. However, several studies 
using qPCR to quantify bacteria associated with plant tissues 
have shown that population behavior may vary according to 
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the culture, substrate, and evaluation time of the experiments 
[31, 33, 34, 66].

Our results also showed that on average, the number of 
inoculant bacteria for sugarcane was significantly higher in 
the RB867515 variety. Although no phytotechnical param-
eters were evaluated in our study, several studies have shown 
that sugarcane genotypes respond differently to inoculation 
with endophytic diazotrophic bacteria. Additionally, sug-
arcane variety RB867515 has been previously reported to 
exhibit a greater response to inoculation compared to other 
varieties [5, 17, 67, 70]. It is important to note that the num-
ber of inoculated bacteria quantified in the sugarcane tissues 
may be underestimated. Kralik and Ricchi [65] suggested 
that more than 50% of the total DNA contained in the matrix 
was lost during the extraction process. Therefore, quantifi-
cation by qPCR is sensitive only to the fraction of bacterial 
DNA recovered during the total DNA extraction process.

Conclusions

The designed primers and the developed qPCR assay 
proved highly effective for quantifying the bacterial strains 
HCC103, HRC54, Ppe8T, Pal5T, and CBAmC using total 
DNA isolated from sugarcane. Moreover, this study revealed 
that the inoculation with these five bacterial species led to 
an increase in the population of CBAmC and HRC54 in 
the shoots, as well as CBAmC and Ppe8T in the roots of 
sugarcane. These findings were observed over a period of 
up to 55 days after inoculation in sterile substrates within a 
greenhouse setting. Furthermore, the results demonstrated 
that the sugarcane variety RB867515 exhibited a higher 
colonization rate by bacteria from the inoculant compared 
to the RB92579 variety, and the bacterial population tended 
to decrease as the plant aged.
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