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Abstract
Background: In recent years, the incidence of bloodstream infections (BSI) has in-
creased, the composition of pathogenic bacteria has changed, and drug resistance 
among bacteria has gradually increased due to the widespread use of interventional 
techniques, broad-spectrum antibacterial drugs, hormones, and immunosuppressive 
agents. Here, we have developed a multiplex PCR assay kit for the detection of patho-
gens (14 Gram-negative bacteria, 15 Gram-positive bacteria, and 4 fungi) in whole 
blood from patients with BSI using five-color fluorescent multiplex PCR followed by 
capillary electrophoresis. Our assay exhibits a diagnosis of higher quality and an im-
proved detection rate for common pathogens.
Methods: A local genome DNA database of 33 pathogenic bacteria was constructed. 
Next, “Exhaustive” primer search of the full coding sequence of the reference ge-
nomes of these bacteria was performed. Panels with minimal interactions between 
primers and amplicons were selected by random sampling and testing by a recursive 
algorithm. Primers and Mg2+ concentrations and PCR reaction procedures were opti-
mized to maximize the detection efficacy.
Results: The LOD of the kit was determined as 100 copies/μl. Using clinical samples, 
results generated by this kit and regular blood culture method were found to be 
95.08% consistent. Additionally, six pathogens which were unidentifiable by blood 
culture were successfully detected by this kit.
Conclusion: Our study provided a bioinformatics approach to the challenge of primer 
design in multiplex PCR, and combined with optimized wet lab practice, a multiplex 
PCR-based assay kit for BSI with higher sensitivity and accuracy than blood culture 
was produced.
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1  |  INTRODUC TION

Bloodstream infection (BSI) refers to the invasion of various patho-
genic microorganisms into the circulation. They then multiply and 
release metabolites or toxins which induce cytokine release in the 
host, causing systemic infection and inflammation, and leading 
to changes in coagulation ability and the fibrinolytic system. In 
turn, this leads to clinical manifestations of sepsis such as sudden 
chills, high fever, tachycardia, rash, hepatosplenomegaly, mental 
and psychiatric changes, as well as shock, diffuse intravascular 
coagulation, and multi-organ failure in severe cases, even leading 
to death.1 BSI has a global incidence of approximately 113–204 
cases per 100,000 persons. Regularly, they include Escherichia 
coli, Staphylococcus aureus, Klebsiella, Pseudomonas aeruginosa, 
Enterococcus, Salmonella, Streptococcus, coagulase-negative 
Staphylococcus (CoNS), and Candida, with E. coli having the high-
est detection rate, followed by S.  aureus and P.  aeruginosa.1–5 
Pathogenic composition of hospital-acquired infections is notice-
ably different from community-acquired ones, with P.  aeruginosa 
and CoNS often associated with hospital-acquired infections and 
E.  coli and Streptococcus commonly associated with community-
acquired infections.1 In most underdeveloped areas, Salmonella 
is the principal pathogen in BSI, with a detection rate of 50% or 
more, which is significantly higher than developed countries.6,7 
CoNS is the most common isolate in blood culture. However, as it 
is a common skin colonizer, inadvertent contamination often oc-
curs, and conventional detection methods are unable to effectively 
distinguish the source of infection. In general, positive blood cul-
tures from two or more sites are required to make a relatively valid 
determination.8

Currently, blood culture is still the gold standard for diagnosis of 
BSI. It is generally combined with biochemical identification and 16S 
rRNA/18S rRNA gene sequencing. However, low detection rates, 
long turn-around times, and prone to contamination render it insuf-
ficient to meet the demand for early and/or rapid clinical diagnosis.9 
With continued development in molecular biotechnologies, numer-
ous nucleic acid detection technologies for the diagnosis of BSI have 
emerged, such as fluorescence in situ hybridization (FISH), microar-
ray gene chips, nested multiplex PCR, and quantitative real-time PCR 
(qRT-PCR).10–14

Multiplex PCR has been widely used in a variety of fields of 
genetic testing and showed higher detection efficiency and lower 
cost compared to conventional PCR.15–17 However, at least two 
shortcomings remain. The first is poor consistency of amplifica-
tion efficiency between different targets,18 and the second is the 
false-positive/false-negative caused by primer-primer interactions 
and primer-amplicon interactions.19 The rate of these two issues 
grows exponentially as the number of targets or primers increases, 
because primers originated from different genomes are pooled to-
gether in a multiple PCR reaction. Only one or a few pairs of primers 
may function as designed to guide extension during pathogen mul-
tiplex PCR assays, whereas the rest primers serve as “bystanders” 

or even as “troublemakers.” Although these primers can be blocked 
from disrupting the entire multiplex PCR process by adjusting re-
action conditions or cycling parameters, any optimization will not 
be beneficial if the primers are not proactively designed to prevent 
interactions.

In this study, we developed a multi-color fluorescence-based mul-
tiplex assay kit for BSI detection through bacterial genome analysis 
and an “Exhaustive” primer search strategy in bacterial entire coding 
sequences in conjunction with advanced fragment analysis (AFA). 
The kit can detect selected 14 Gram-negative bacteria including 
Acinetobacter baumannii, Burkholderia cepacia, Enterobacter cloacae, 
E. coli, Haemophilus influenza, Klebsiella aerogenes, Klebsiella oxytoca, 
K.  pneumoniae, Moraxella catarrhalis, Proteus mirabilis, P.  aeruginosa, 
Salmonella enterica, Serratia marcescens, and Stenotrophomonas malto-
philia, selected 15 Gram-positive bacteria including Enterococcus 
faecalis, Enterococcus faecium, S.  aureus, Staphylococcus capi-
tis, Staphylococcus epidermidis, Staphylococcus haemolyticus, 
Staphylococcus hominis, Streptococcus agalactiae, Streptococcus milleri, 
Streptococcus mitis, Streptococcus mutans, Streptococcus pneumonia, 
Streptococcus pyogenes, Streptococcus salivarius, and Streptococcus 
sanguinis, and selected 4 fungi including Candida albican, Candida gla-
brata, Candida parapsilosis, and Candida tropicalis. Pathogenic detec-
tion of BSI by this kit could serve in precision medicine practice and 
reduce the morbidity and mortality of BSI.

2  |  MATERIAL S AND METHODS

2.1  |  Sequences data download, local database 
construction, and primer design

Genome sequences and reference genome coding sequences of 
selected 14 Gram-negative bacteria, 15 Gram-positive bacteria, 
and 4 fungi were downloaded from NCBI Genome Refseq database 
by ncbi-genome-download (https://github.com/kblin/​ncbi-genom​
e-download) up to date of December 31, 2020. Local genome da-
tabases were constructed on a per-species basis (Table 1).

Reference genome coding sequences were entered into Primer3 
program as templates for primer design (Table S1).20 Yielded prim-
ers with 3′-Dim ∆G ≥ −2.5  kcal/mol, P.E. (Priming Efficiency) ≥ 450, 
and 59°C ≤ Tm ≤ 61°C were qualified by commercial software Oligo7 
screening.

2.2  |  Primer and amplicon sequence analysis

Each primer for its target bacteria was conducted with a short se-
quence pattern alignment to its own genome database with 100% 
coverage and 100% identity. Then, primer pairs which qualified ge-
nome number * 95% ≤ number of hits ≤ genome number * 105% were 
extracted and entered the specificity analysis. These primers were 
conducted with a short sequence pattern alignment against other 

https://github.com/kblin/ncbi-genome-download
https://github.com/kblin/ncbi-genome-download
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bacteria genome databases with 75% coverage and 75% identity. 
Then, primer pairs that have no hit in these databases were kept for 
subsequent analysis.

The amplicons corresponding to the selected primer pairs were 
BLAST against its own genome database with 100% coverage and 
98% identity. Amplicons qualified genome number * 95% ≤ number 
of hits ≤ genome number * 105% and have no base insertions or de-
letions were selected for subsequent analysis. Meanwhile, ampli-
cons having five or more consecutive mononucleotide repeat will 
be disqualified together with their corresponding primer pairs.

2.3  |  Internal control and human DNA reference 
primers design

A 100,000 random artificial sequences between 400–600 bp in 
length were generated. Those sequences with even base distribu-
tion (24%–26% of each base) and no more than five consecutive 
mononucleotide repeats were selected as primer design templates 
for reaction internal control (IC). Human DNA internal control (in-
cluding GAPDH, β-actin, 18S RNA, B2M, HPRT, and TBP) were used 
as design templates for human internal references. Primer3 was 

TA B L E  1 Summary of NCBI data downloaded and local database construction for each target

Target NCBI Taxonomy
Stains 
number

Database 
Volumes

Sequences 
number

Reference genome 
assembly accession

CDS 
number

A. baumannii 403 5466 6 757,281 GCF_008632635.1 3637

B. cepacia 10,703 181 1 22,575 GCF_009586235.1 7524

C. albicans 21 46 1 63,209 GCF_000182965.3 6030

C. glabrata 192 18 1 3214 GCF_000002545.3 5213

C. parapsilosis 930 11 1 1250 GCF_000182765.1 5856

C. tropicalis 212 2 1 879 GCF_000006335.3 6254

E. cloacae 1219 217 1 26,016 GCF_000770155.1 4474

E. faecalis 808 1631 2 105,865 GCF_018986755.2 3412

E. faecium 871 1910 2 343,970 GCF_009734005.1 2780

E. coli 167 21,544 28 3,922,086 GCF_000005845.2 4302

H. influenzae 165 752 1 40,396 GCF_004802225.1 1711

K. aerogenes 3417 269 1 37,021 GCF_007632255.1 4871

K. oxytoca 1165 148 1 16,228 GCF_002984395.1 5530

K. pneumoniae 815 9911 14 1,281,258 GCF_000240185.1 5779

M. catarrhalis 1232 205 1 11,473 GCF_002080125.1 1823

P. mirabilis 1162 389 1 51,550 GCF_000069965.1 3690

P. aeruginosa 187 5710 10 996,548 GCF_000763245.3 6348

S. enterica 152 11,231 14 1,017,576 GCF_000783815.2 4546

S. marcescens 1112 778 2 84,779 GCF_003516165.1 4897

S. aureus 154 10,842 8 648,769 GCF_000013425.1 2767

S. capitis 2054 127 1 11,585 GCF_001028645.1 2329

S. epidermidis 155 2329 2 217,399 GCF_006094375.1 2267

S. haemolyticus 1141 316 1 32,630 GCF_001611955.1 2424

S. hominis 2014 139 1 10,782 GCF_003812505.1 2160

S. maltophilia 880 646 1 110,512 GCF_900475405.1 4012

S. agalactiae 186 1311 1 72,775 GCF_001552035.1 1953

S. milleri 71,339 3 1 4 GCF_900636715.1 1799

S. mitis 530 123 1 5592 GCF_000960005.1 1820

S. mutans 856 244 1 18,015 GCF_009738105.1 1912

S. pneumoniae 176 9076 5 663,203 GCF_002076835.1 2136

S. pyogenes 175 1979 1 40,688 GCF_001267845.1 1686

S. salivarius 507 128 1 7069 GCF_000785515.1 1965

S. sanguinis 1345 44 1 1668 GCF_000191105.1 2192

Total – 87,726 115 10,623,865 – 120,099
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used for primer design, and oligo7 was used for screening as previ-
ously described. Primer pairs and amplicons met designated stand-
ard as previously described and were saved.

2.4  |  Panel calculation and screening

Fluorescent color channels were assigned to each bacterium 
(Table S2). All sets of primer pairs/amplicon for each bacterium, IC, 
and human DNA internal control were randomly sampled from its 
set to make a combination, and the compatibility and quality were 
tested by a recursive algorithm with the following parameters: (1) 
the minimum spacing between targets in the same fluorescent chan-
nel should be greater than or equal to 5 bp, (2) the minimum spacing 
between targets in different fluorescent color channels should be 
greater than or equal to 4 bp, (3) the eight bases at the 3′ end of each 
primer within the panel are not allowed to be an exact sequence 
match with amplicons except itself, (4) the Tm of the interaction be-
tween any two primers should be less than 15°C (calculated using 
calcHeterodimer() in the primer3.py package).20 If the preset com-
patibility conditions were met, the result will be saved.

Random sampling and recursive algorithm execution produced 
us 200,000 sets of candidate panels. Panels with the lowest interac-
tions were selected for another round of checking on conservative-
ness, specificity, and amplicon length using primer-blast.21 After all, 
the optimal panel was formed.

2.5  |  Primer synthesis

Primers were synthesized as specified in Table 2. All primers were 
synthesized by Sangon Biotech (Shanghai, China) in a precise final 
concentration of 100 μM.

2.6  |  Amplified fragment plasmid synthesis and 
digital PCR quantitation

Amplified fragment plasmids containing the target bacterium, 
IC, and human DNA internal control were synthesized by TsingKe 
Biotechnology Co., Ltd. (Beijing, China). The pUC57 vector and the 
Stab-Top10 expression strain were selected. The synthesized plas-
mids were precisely quantitated using Droplet Digital PCR (Sniper 
DQ24). The details were described in Data S1. Based on the quanti-
tated results, all positive control plasmids were diluted to ~400 cop-
ies/μl and stored at −20°C for later use.

2.7  |  Standard strain culture and 
genome extraction

Standard target strains from ATCC were resuscitated and cultured 
in media recommended by ATCC (Table S4). Bacterial genome DNA 

extraction kits (Tiangen Biotech, Beijing, China) were used for Gram-
negative/Gram-positive bacteria genome extraction, and fungal 
DNAout2.0 column kits (Tiandz, Beijing, China) were used for fungi 
genome extraction (Data S2).

2.8  |  Primer conservativeness and 
specificity testing

The reaction system was prepared using the EasyTaq® DNA 
Polymerase kit (TransGen Biotech, Beijing, China): 1  μl EasyTaq® 
DNA Polymerase, 5  μl template, 2  μl 10× EasyTaq® Buffer, 2  μl 
2.5 mM dNTPs, 2 μl primer mix, 8 μl ddH2O. Each 100 μl of primer 
mix contains 1 μl of primers of all the 33 targets bacterium, IC, and 
human DNA reference control and 30 μl of TE. The PCR amplifica-
tion procedure was as follows: pre-denaturation at 95°C for 10 min, 
denaturation at 95°C for 15 s, annealing at 60°C for 30 s, elongation 
at 72°C for 45 s, 40 cycles, elongation at 72°C for 10 min. After PCR 
was completed, 1  μl of the amplification product was mixed with 
9 μl of loading buffer (containing 1:12 Size-500: deionized forma-
mide) and loaded in an ABI 3500 genetic analyzer with the following 
parameters: injection voltage: 1.2 kV; injection time: 15 s; electro-
phoresis time: 1500 s. The PCR amplification template for conserva-
tiveness analysis was high concentration positive control plasmids 
(~400 copies/μl) and target bacterium genome that was extracted 
and diluted by a factor of 105. The PCR amplification template for 
specificity analysis was as described above with the addition of 
other microbial genomes that may be present in BSI (Table S5).

2.9  |  Reaction system and procedure optimization

All positive control plasmids (~400 copies/μl) were combined as the 
positive control plasmid mixture for reaction system and procedure 
optimization. Effect of reaction parameters was evaluated by equa-
tion (1) below, and the reaction parameter set with the highest total 
panel score was selected for subsequent testing.

 where RFU is the fluorescence signal of each target in the panel. The 
maximum value of fluorescence signal on ABI 3500 genetic analyzer 
is 32,000.

The chosen reaction system, PCR program, and electrophore-
sis method which applied in primer conservativeness and specificity 
testing were applied to the positive control plasmid mixture. Primer 
concentrations were adjusted in the second round of reactions based 
on the performance of each target in the first-round test and the 
primer interaction analysis. Finally, the primer concentration combi-
nation with the highest score was selected for further optimization.

Mg2+ concentration (0–6 mM), PCR annealing temperature (55–
65°C), and amplification cycles (30–40 cycles) were optimized by 

(1)Total panel score =

∑

(RFU ÷ 32, 000) × 100

35
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gradient experiments. The condition which produced the highest 
total panel score and non-specific amplification observed was con-
sidered the best.

2.10  |  Determination of LOD

Using a positive control plasmid concentration series, the LOD of 
the kit was determined based on the optimized primer concentra-
tion, Mg2+ concentration, and reaction procedure. The test was re-
peated 20 times for each concentration. The LOD was defined as the 

lowest concentration when 19 of 20 repeated tests were successful 
(RFU ≥ 2000).

2.11  |  Testing of clinical specimens

A total of 122 clinical blood samples, including 20 positives and 102 
negatives by culture, were continuously collected starting from 1 
February 2022 to 15 February 2022 in Yinzhou People's Hospital, 
Ningbo, China. Positive cultures included three cases of E. coli, two 
cases each of S. capitis, B. cepacia, S. aureus, S. hominis, E.  faecium, 

TA B L E  2 Primer information for each target

Target Forward primer (5′-3′) Reverse primer (5′-3′)
Amplicon 
length (bp)

A. baumannii VIC-GTTGGCCTAGGACATGAAATC GTTGTGACTAATTGTTGTAGTACGG 206

B. cepacia VIC-ATTCTGATCAACAAGGACACGAA TAGATCGGAATGCCTTCGAAATC 164

C. albicans FAM-TTGATTCTAGAAGTCGCAGTGTAAG GGTTTGGACTGTTTGTAACTTCTTTAAT 249

C. glabrata FAM-ATTCCTCTATTACTCAAGGGTTACA ACTCTCTGAACTGCTACTCACT 180

C. parapsilosis FAM-GCCAGCATATTAGGTATAAATCAGG ATGGTATAATGATATATGGTTGGGATG 198

C. tropicalis FAM-GGTATGTCGATGAAGATTGCTAATAT ATTGCCAATACATTCTTGACTCTTG 275

E. cloacae VIC-CCGCCATCTATGTATAAAGTTATGTTAA AATGAACGGTAAGCATCAGTTG 130

E. faecalis AF591-GCTCGTCATTCTAAATTAATCGGTAA ATAGCCATGTCTTCAAATTGAACA 185

E. faecium AF591-GACGAAACGAGGAGAAACAATC GTGTCACTAAATAATTTGGATGGCTT 218

E. coli VIC-AAATAACTATCGTCCGGAGTTGC TAAATGTTTCGGGTTATTCAACGG 100

H. influenzae VIC-GGTTCGCTGAAATACAAGATCG AGCGTGTCTAAAGAGAGTTTCC 295

K. aerogenes VIC-GGCGTATTGGTTAAACTTATCTCA CCTAATAAATCATGGTGGTAATCGC 260

K. oxytoca VIC-AGAATCGGCTTAACTCATCTCT AATTGCGCCCTCGGTTAATA 141

K. pneumoniae VIC-TGCTCAAATCTGAAAGTAAAGAGAC GGTTTAGCTGATACTGAGTACCAA 240

M. catarrhalis FAM-GAGATGTACGATCCGATCACC TTGCACCAGGATTGATACAATTAAAC 268

P. mirabilis FAM-CTTTGATTACAACAGGCGTACTC TGGGATCTGTCTTAACTGTGC 170

P. aeruginosa VIC-CTACGATGTGTACCAGAAAGTCTA TTTGTCCTTCCAGTATTTCTCCAG 289

S. enterica VIC-CGGTATGGGCTGACGAAATA AACGTTATCATCATAAGCGCTTT 119

S. marcescens VIC-TGATTTCTCTATTTCGCTCCCTAC CGTTTCATGCGTCTGTTCAAA 154

S. aureus NED-TTATTTGCAAGGCTATGATGAACC TCTCCACTTTCTAATTCAAACATCAT 135

S. capitis NED-AGACGATGGGTAAGTTAGCAATG GCTCTCCGGTTAAATAATAATAGACAC 264

S. epidermidis NED-GTTTATTTACTGGTATCATTGGTCCTT TCATAAACATACATATCACGCCTACT 150

S. haemolyticus NED-ATGTTAAGCAGTTAATTAGATGTTGTCG TAAATTGTTTCCATACTCGCACCT 124

S. hominis NED-TAGGTATAGAAAGAGAACAAGTAGGAGA CTAATCTTAAAGCACTGACTGTACTATG 210

S. maltophilia FAM-CATGCAGCCAAAGAAATACGC TTGTCCAATCCCTTGATGTCC 111

S. agalactiae AF591-GCGGCTTACATTAATGGTTTCTTAA TAATAAGCGGTGAACAATACGTG 300

S. milleri ROX-AAAGTTTGGATTATGAGATGGTCTT TTTCTCTGTCATCGTACCATTTAATTG 146

S. mitis ROX-AGTATTATCTGTTGTGATTGTGATTGC TCTACTTGATAATACCGTCAATGCTA 202

S. mutans ROX-GGCTTTCCTACTATGTCAAATTCA CTACTCCTAACGTTGAGGCTTT 190

S. pneumoniae AF591-AAGTTTATCGACGAGTGATTATTCCTAA CGATAATCAGCTCCACCTAGAAT 160

S. pyogenes AF591-GCATCAACCATGTTATAAACCTGTG CTTCATACCAATAGATGCATTACTATCA 107

S. salivarius ROX-TTATCAGCACTCTTGAATTCATTGT GGTTTCAATTGTATCAAGAGCTCTAAC 228

S. sanguinis ROX-ACTGATTTCCGGTGTCTTGTC GATGAGAATTCCCAAGCCGAA 115

Human_DNA AF591-TGAAGATGCCGCATTTGGAT TCTTAACAAGCTTTGAGTGCAAG 310

IC NED-AGGGCGATCATTTCATAACCTC ATCAGCGGATTACCCAGATAATG 220
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C.  albicans, and S.  enterica, and one each of P.  mirabilis, E.  cloacae, 
and S. marcescens. All clinical samples were extracted twice using the 
bacteria genome DNA extraction kits and fungal DNAout2.0 column 
kits, and the optimized kit was used to test the samples to see if 
the result was consistent with that of the culture. In case of poor 
consistency, sequencing using bacterial 16S rRNA universal primer 
amplification (27F: AGA GTT TGA TCM TGG CTC AG; 1492R: GGT 
TAC CTT GTT ACG ACT T) or fungal ITS universal primer amplifica-
tion (ITS1: TCC GTA GGT GAA CCT GCG G; ITS4: TCC GCT TAT TGA 
TAT GC) was performed for verification. The study was conducted 
with the approval of the Ethics Committee of the Yinzhou People's 
Hospital.

3  |  RESULTS

3.1  |  Primer design and screening

A total of 1,451,686,498 primer pairs were produced, and on aver-
age, 12,087 primer pairs were generated for each coding sequence 
(Figure  1). Due to its large genome size and longer single coding 

sequences, Candida had highest total number of primers compared 
to other targets, reaching a total of 108 primers. Due to high GC ratio, 
the total number of primers designed for S. maltophilia (66.4%), P. aer-
uginosa (66.2%), and B. cepacia (66.6%) was much lower than others. 
After screening by Oligo7 program (Figure 2A), a total of 276,288,532 
primer pairs were qualified, accounting for 19.03% of the total primer 
pairs generated, with H. influenzae (19.91%) having the highest quali-
fication rate and P. aeruginosa (16.30%) having the lowest.

Primer conservativeness analysis results are shown in Figure 2B. 
A 76,363,335 primer pairs met our designated conservativeness 
standard, which yielded a qualification rate of 5.26% among all 
primer pairs generated. The conservativeness of C. parapsilosis and 
C.  glabrata primers was much higher than others, at 17.59% and 
14.97%, respectively; they are eukaryotic organisms with low mu-
tation rates, and the database contains only a small number of ge-
nomes, which are more homogeneous and less complex comparing 
to others. Strains with qualification rate below 1% are primarily con-
centrated among the Viridans Streptococci (S. mitis: 0.09%, S. sangui-
nis: 0.14%, S. salivarius: 0.40%, S. milleri: 0.54%) and Enterobacteria 
(E. cloacae: 0.10%, E.  coli: 0.24%, K.  oxytoca: 0.44%, H.  influenzae: 
0.70%), suggesting that mutation rate in these bacteria is higher. A 

F I G U R E  1 Total and average number of primer output for coding sequences of each target.
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3,371,930 primer pairs met designated specificity standard, which 
yielded a qualification rate of 0.23% among all primer pairs gener-
ated and 4.41% among the conserved primers (Figure 2C). Highest 
primer qualification rates were shown in S.  agalactiae (1.90%), 
S. mutans (1.27%), and S. pyogenes (0.985%) and lowest in E. cloacae 
(4.42E-07), S. mitis (1.99E-06), and K. oxytoca (2.49E-06).

By amplicon sequence conservativeness analysis (Figure  3A), 
the number of qualified primer pairs was 2,886,769, accounting for 
0.20% of all primer pairs generated and 85.61% of the primer pairs 
qualified by specificity analysis. In addition, amplicon sequences with 
five or more mononucleotide repeats were disqualified (Figure 3B). 
The final number of candidate primer pairs was 1,232,128, account-
ing for 0.08% of all primer pairs generated and 42.68% of the primer 
pairs qualified by amplicon sequence conservation analysis.

3.2  |  IC and human DNA internal reference primer 
design and screening

A trivial computer program helped generated 100,000 random 
ATGC character strings with their length ranging between 400–600. 
Twenty three of them were screened out by criteria of uniformed 
base distribution and no more than 4 mononucleotide repeats. A 
total of 334,167 primer pairs for selected random sequences were 
produced by Primer3. Among them, 58,479 primers pairs were quali-
fied after screening by the same conditions using Oligo7. A total of 
2598 primers pairs were qualified after blast against the 33 target 
genome databases.

A total of 107,370 primer pairs for the human DNA internal refer-
ence gene were produced by Primer3. A total of 18,063 primers pairs 
were qualified after screening by the same conditions using Oligo7. A 
total of 3539 primers pairs were qualified after blast against the 33 
target genome databases.

3.3  |  Panel construction and interactions 
examination

Based on a random sampling and recursive algorithm, 200,000 pan-
els were generated. One panel with the least primer-primer/primer-
amplicon interactions was selected (Figure 4). In Figure 5, calculated 
interaction scores were transferred into blue color gradient with 
darker end indicating stronger interactions which is undesirable. It 
suggested the primers concentrations in PCR and annealing tem-
perature need to be concerned with the LOD and the non-specific 
amplification.

3.4  |  Evaluation of primer conservativeness and 
specificity

First, primers were tested using constructed plasmid as positive con-
trol. As shown in Figure 6A, all primers achieved nice PCR result with 

little non-specific product signals. They were then tested using posi-
tive target genomes. And again, they performed well and presented 
no off-target or non-specific product signals (Figure  6B). Finally, 
there is also no non-specific signal observed when negative strain 
genomes were applied in testing. So, the chosen panel primer set is 
well off for further kit optimization.

3.5  |  Reaction system and procedure optimization

Primer concentrations were adjusted and optimized (Table  S6) ac-
cording to the total panel score after each round (Figure 7A). The 
total panel score reached a maximum after the fourth round of 
primer concentration adjustment.

To determine the preferred Mg2+ concentration of PCR buffer, 
we conducted experiment using a series buffer with gradient Mg2+ 
concentrations (Figure  7B). Results showed that the total panel 
score increased with Mg2+ concentration while it is below 3 mM and 
decreased with it while above 4 mM. Particularly at 6 mM, the total 
panel score is even lower than buffer completely without Mg2+. This 
indicated that the effect of Mg2+ concentration on PCR amplifica-
tion efficiency depends on its range. We determined the preferred 
Mg2+ concentration is 3 mM.

In determining the preferred annealing temperature, it showed 
a trend that the total panel score decreased as the temperature 
going up (Figure 7C). More non-specific signals were encountered 
while it is below 60°C, and they were shrinking as the temperature 
increased and completely disappeared when temperature reached 
61°C. Thus, 61°C was chosen as the optimized value.

As shown in Figure 7D, with given plasmid concentration, the 
total panel score went up when the number of PCR cycles in-
creased. However, non-specific amplification started to show up 
after 37 cycles, which may cause some difficulties in result inter-
pretation. Finally, the PCR cycle number value was optimized at 
35.

3.6  |  Determination of LOD

Applying a gradient series of positive control plasmid as reference 
samples, PCR reactions were performed using above optimized con-
ditions. LOD was the reference concentration when fluorescence 
signal intensity reached its recognition limit (Figure 8). The results 
showed that targets with LOD of 100 copies/μl are S.  maltophilia, 
C. parapsilosis, C. albicans, E. coli, S. enterica, B. cepacia, A. baumannii, 
H. influenzae, S. haemolyticus, S. capitis, and S. salivarius. Targets with 
LOD of 50 copies/μl are C. glabrata, M. catarrhalis, C. tropicalis, K. ox-
ytoca, K. pneumoniae, P. aeruginosa, S. aureus, S. hominis, S. mutans, 
S. mitis, S. pyogenes, S. pneumoniae, and E. faecium. Targets with LOD 
of 25 copies/μl are P. mirabilis, E. cloacae, S. marcescens, K. aerogenes, 
S.  epidermidis, S.  sanguinis, S.  milleri, E.  faecalis, and S.  agalactiae. 
Overall, the LOD of the optimized BSI multiplex PCR-based assay kit 
was 100 copies/μl.
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3.7  |  Testing of clinical specimens

Total 122 clinical blood samples from Yinzhou People's Hospital 
were tested using the BSI multiplex PCR-based assay kit. The results 
were compared to the results of blood culture. In case if they are 
not consistent, bacterial 16S rRNA or fungal 18S rRNA sequencing 

verification was performed (Table 3). Twenty blood culture-positive 
samples were consistent with results by the kit; 6 of 102 negative 
samples were tested positive by the kit, namely E. coli in sample YZ-
10, S. marcescens in YZ-46, C. albicans in YZ-50, S. aureus in YZ-52, 
E.  faecalis in YZ-71, and E.  fumigatus in YZ-101. In sequencing vali-
dated samples, sequencing results are in accord with results by the kit 

F I G U R E  2 Primer screening results. (A) 
primers qualified after Oligo7 screening; 
(B) primers qualified after conservation 
analysis; (C) primers qualified after 
specificity analysis.
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except for sample YZ-10, which is likely failed due to an unsuccessful 
blood culture. The fluorescence signal intensity of YZ-10 was very 
weak by using the kit. The results were confirmed to be consistent by 
re-testing. Results produced by this BSI multiplex PCR-based assay 

kit developed in this study were 95.08% consistent with clinical blood 
culture results. Moreover, the assay kit was able to detect patho-
genic microorganisms that would be failed to detect by blood culture 
method owing to the greater detection sensitivity of the assay kit.

F I G U R E  3 Amplicon screening results. 
(A) Primers qualified after amplicon 
conservation analysis; (B) primers 
qualified after mononucleotide repeat 
analysis.

F I G U R E  4 Panel distribution. The grey 
area indicates the expected amplicon 
length ± 1.5 bp.
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F I G U R E  5 Evaluation of panel/bin interactions. (A) Primer-primer interactions analyzed by Autodimer; (B) primer-amplicon interactions 
analyzed by Oligo 7.
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4  |  DISCUSSION

Multiplex PCR is widely used in many fields of genetic testing be-
cause of its higher throughput and lower cost compared to conven-
tional PCR. However, while the complexity of the multiplex PCR is 
positively correlated to the number of folds of the reaction system, 
the correlation to detection accuracy and sensitivity are negative. 
In our study, required characteristics for a primer in multiplex PCR 
were divided into different aspects or levels. To qualify, they must 
satisfy the requirement as single primer oligo, as in primer pairs, 
compatible for unpaired primers, for primers and non-target ampli-
cons, and global compatibility among all primers within the multi-
plex PCR reactions. Details were analyzed as follows.

For an oligo to be primer, there are known restraint including base 
composition (GC%), number of mononucleotide repeats, Tm, 3′ ter-
minal stability, hairpin structures, and the possibility of homodimer 
formation. Primer design software performs various checks on the 
oligo sequence during primer generation, including but not limited 
to these required restraints. Among the most popular primer design 
software such as Primer premier 6.0, Oligo7, Primer3, Dnastar, and 
Vector NTI Suit, only Primer3 provides a Linux version to address the 
needs of high-throughput primer design. On the other hand, Oligo7 

has primer database function that provides screening for 3′Dim ΔG, 
priming efficiency, and Tm calculation. Primer sequences ought to 
satisfy all above-mentioned restraint through intensive bioinformat-
ics data processing pipeline of software tools.

The requirements to qualify primer in matching pairs are based 
primarily on the conservativeness of the pair (i.e., whether a primer 
pair have the correct matching sequence region in the target ge-
nome), the specificity of the primer pair (i.e., whether a primer pair 
have matching sequence region only on target genome without mis-
takenly matches to similar ones, especially those closely related bac-
teria, for example, the distinction between E. faecium and E. faecalis), 
and the base composition of the amplicon. For the conservativeness 
check of primer pairs, we constructed a genome database containing 
all targets. Each primer pair was checked, and a comprehensive eval-
uation was made according to sequence coverage, sequence identity, 
and number of blast hits of the primers in the genome database to 
ensure that they have covered the variety of target genomes well. 
For the specificity check of primer pairs, each primer was compared 
to the genome database which contains all but its target genome 
separately, to ensure the primer pair has no possible matching region 
on all other genomes except its target. Moreover, we compared each 
amplicon with its own genome database to exclude amplicons with 

F I G U R E  6 Results of primer 
conservation tests. (A) Synthetic plasmids; 
(B) standard strain genomes.
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possible length variations. In addition, we decided that amplicons 
with over four mononucleotide repeats should be disqualified. The 
reason is that there is certain probability of strand slippage during 
PCR if a mononucleotide repeat is encountered, and a stutter prod-
uct with one or more nucleotides fewer than the correct amplicon 
will be generated.22 Such an amplicon is fatal for the fragment anal-
ysis method based on length as it can lead to false-negative results.

The requirements for unpaired primers primarily come from lim-
iting the interactions between primers in the panel. As previously 
mentioned, primer-primer interactions can have a major impact on 
the sensitivity and accuracy of multiplex PCR based assay. Software 
like AutoDimer,23 the calcHeterodimer() function in primer3-py, and 
Oligo7 provide multiple primer interaction analysis functions. In this 
study, we selected calcHeterodimer() to make thermodynamic cal-
culations of primer-primer interactions during panel screening and 

applied AutoDimer for base-pairing evaluations in primer-primer in-
teractions during panel re-examination. This joined effort success-
fully minimized primer-primer interactions and their impact on the 
final testing sensitivity and accuracy.

For concerns of interaction between a primer and amplicons 
of other targets, the probability of primer binding to an unrelated 
amplicon will rise along PCR cycles due to its quantity accumula-
tion. If a primer binds to other target's amplicons and primed the 
DNA synthesis in one cycle, subsequent cycles will amplify this non-
specific amplicon exponentially. This could eventually develop as 
a signal peak of that amplicon length, and if the length coincides 
with the expected amplicon length of another target in the panel, 
a false-positive result would appear. In our study, two approaches 
were taken to evaluate and further restrict the binding propensity 
of primers to amplicons of other genome targets. During panel 

F I G U R E  7 Reaction system and PCR program optimization results. (A) Primer concentration optimization; (B) additional Mg2+ 
concentration optimization; (C) annealing temperature optimization; (D) amplification cycle number optimization.
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F I G U R E  8 LOD of the optimized kit.
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screening, 8 bases at the 3′ end of each primer were restricted to 
have the same sequence in to be inspected amplicons. Secondly, 
during panel re-examination, the P.E. and Tm values calculated in 
the Oligo7 were used to check the priming efficiency and annealing 
Tm value of primer on amplicon. Higher Tm values indicate higher 
likelihood of binding; and higher P.E. values indicate the likelihood 
resulting non-specific PCR product.

Based on these analyses, we obtained a panel that satisfied all 
requirements and adapted to multiplex PCR reaction conditions in 
a maximal way. Bioinformatics analysis methods and software tools 
are in the center played a crucial role in finalizing this panel.

For such a complicated and highly restricted multiplex PCR-
primer screening process described here, the number of primers 
generated by conventional primer design is far from sufficient. 
Many paired primer candidates are needed to complete the above 
analysis process if more primer sets are required. In our study, an 
“Exhaustive” primer design strategy was applied to the entire cod-
ing sequences of reference genome, and the number of primer pairs 

returned by Primer3 was up to 20,000 to obtain as many primer pairs 
as possible. With the help of designated hardware computing power, 
parallel computing system, and NCBI BLAST program, we completed 
the conservativeness and specificity screening of 1.4 billion primer 
pairs, roughly equal to the population of China. Primers passed the 
screening are approximately one in a million. Since the number of 
final candidate primers is still on the level of millions thereafter, the 
challenge of panel screening remains. Given the number of targets 
and average number of primer pairs for each of them, there would 
be 6 × 10133 possible combinations as the number of panel design, 
which larger than the number of atoms in the universe, unachiev-
able for “Exhaustive” panel screening or even for name listing. Thus, 
random sampling and recursive methods were designed for panel 
construction and screening in our study. Only 200,000 lucky sets of 
primers that satisfy the predefined conditions were listed, and the 
best panel was selected for experimental validation.

Result showed that the selected panel designed/optimized 
through bioinformatics big data analysis, with PCR reaction 

Sample number
Blood culture 
result Kit resulta Sequencing result Resultb

YZ-2 Negative S. enterica S. enterica Inconsistent

YZ-5 B. cepacia B. cepacia – Consistent

YZ-10 Negative E. coli Sequencing failed Inconsistent

YZ-11 B. cepacia B. cepacia – Consistent

YZ-45 P. mirabilis P. mirabilis – Consistent

YZ-46 Negative S. marcescens S. marcescens Inconsistent

YZ-49 S. enterica S. enterica – Consistent

YZ-50 Negative C. albicans C. albicans Inconsistent

YZ-51 S. enterica S. enterica – Consistent

YZ-52 Negative S. aureus S. aureus Inconsistent

YZ-58 E. cloacae E. cloacae – Consistent

YZ-60 S. marcescens S. marcescens – Consistent

YZ-64 E. coli E. coli – Consistent

YZ-65 C. albicans C. albicans – Consistent

YZ-66 S. capitis S. capitis – Consistent

YZ-69 E. faecium E. faecium – Consistent

YZ-71 Negative E. faecalis E. faecalis Inconsistent

YZ-72 S. hominis S. hominis – Consistent

YZ-75 C. albicans C. albicans – Consistent

YZ-89 S. aureus S. aureus – Consistent

YZ-91 E. coli E. coli – Consistent

YZ-92 S. capitis S. capitis – Consistent

YZ-93 S. hominis S. hominis – Consistent

YZ-100 E. faecium E. faecium – Consistent

YZ-101 Negative E. coli E. coli Inconsistent

YZ-105 S. aureus S. aureus – Consistent

YZ-112 E. coli E. coli – Consistent

aKit results are the combined results of two extraction methods due to different targeting between 
the two methods, so the results for Candida are inconsistent.
bBlood culture results are consistent with kit results.

TA B L E  3 Inconsistency between 
positive blood culture specimens and test 
results
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system optimized, can detect 33 common pathogens involved in 
BSI, and its sensitivity is higher than of the conventional blood 
culture method which is the gold standard and still popularly used 
everywhere.

Every coin has two sides, no matter how perfect the primer de-
sign is and PCR reaction system and procedure is tuned, the inter-
action between primers and amplicons still exist. As a result, there 
is still certain possibility of false-positive and false-negative by this 
kit. Room for improvement is obvious. Moreover, although the sen-
sitivity of this kit is higher than blood culture method, it is still a 
weakness when compared to qRT-PCR.14

5  |  CONCLUSION

We have constructed a local genome database of 33 pathogens, 
including 14 Gram-negative bacteria, 15 Gram-positive bacteria, 
and 4 fungi. We conducted an “Exhaustive” primer search and de-
sign on the entire coding sequences of their reference genomes. 
Their molecule structures, sequences conservativeness and speci-
ficity, and base compositions of the primers were all examined, 
and a panel with minimal interactions between primers and ampli-
cons was selected by random sampling and recursive algorithms 
for further experimental validation. The conservativeness and 
specificity of primers were verified by applying positive control 
plasmids, positive standard strains, and negative standard strains. 
Primer concentrations, Mg2+ concentration, and PCR program 
were optimized to achieve maximum detection efficiency and an 
overall lower limit of detection at 100 copies/μl. On clinical speci-
men testing, results by this kit hold a consistency rate comparing 
to blood culture method at 95.08%. Furthermore, six cases of de-
tection of organisms by this assay kit were successful while blood 
culture method failed.

The development of the kit in the present study involved com-
bining intensive computing and wet lab experiments with support 
from bioinformatics analysis, which helped to prevent serious prob-
lems that may be very challenging in doing wet lab experiments. It 
significantly reduced the probability of unexpected scenario in the 
experiments, reduced experimental costs, shortened the experi-
mental cycle, and greatly improved the quality of the kit.
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