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s u m m a r y 

Superantigens are ubiquitous within the Streptococcus pyogenes genome, which suggests that 

superantigen-mediated T-cell activation provides a significant selective advantage. S. pyogenes can carry 

a variable complement of the 11 known superantigens. We have identified two novel S. pyogenes super- 

antigens, denoted speQ and speR , adjacent to each other in the core-chromosome of isolates belonging to 

eleven different emm -types. Although distinct from other superantigens, speQ and speR were most closely 

related to speK and speJ , respectively. Recombinant SPEQ and SPER were mitogenic towards human pe- 

ripheral blood mononuclear cells at ng/ml concentrations, and SPER was found to be more mitogenic 

than SPEQ. 

© 2019 The Authors. Published by Elsevier Ltd on behalf of The British Infection Association. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Background 

The human pathogen, Streptococcus pyogenes, produces numer-

ous virulence factors, including the extracellular superantigen tox-

ins which are associated with the development of streptococcal

toxic shock syndrome and scarlet fever. Superantigens are able

to cross-link the major histocompatibility complex (MHC) class II

with the T cell receptor, bypassing the normal antigen presenting

process and resulting in a high level of T cell activation, cytokine

release and inflammation. 1 Although superantigens are thought

to promote invasive disease, associated with high mortality rates,

they may have a localized role in productive infection of the na-

sopharynx. 2 

Genetically and structurally related superantigens are also pro-

duced by Staphylococcus aureus and some other streptococcal

species including the group C/G streptococci. There are 14 known

streptococcal superantigens, 11 of which have been found in S. pyo-

genes; speA, speC, speG - speM, smeZ and ssa. All, except speJ and ssa ,

have been found in other streptococcal species as well. Three su-

perantigen genes, szeN, szeP and szeF have been found only in S.

equi subsp zooepidemicus . 3 Commons et al. later suggested renam-

ing these to speN, speP and speO , respectively to standardize the

nomenclature across all streptococci. 1 
∗ Corresponding author: Department of Molecular Biology & Biotechnology, The 
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The superantigen genes speG, speJ and smeZ are encoded on the

ore chromosome but are not ubiquitous among S. pyogenes iso-

ates. The other eight identified S. pyogenes superantigens are as-

ociated with prophages which have the potential to be mobile,

ntroducing variability among isolates. As there is variability in the

omplement of superantigens carried by S. pyogenes isolates, along

ith mobility and sharing across other streptococcal species, there

ay be streptococcal superantigens that are yet to be identified. 

Whilst testing for the presence of the 11 known superantigens

n whole genome sequence (WGS) data from two S. pyogenes iso-

ates from the pre-antibiotic era, we identified two new adjacent

otential superantigen genes. We subsequently confirmed the pres-

nce of both genes in WGS from modern S. pyogenes isolates of dif-

erent emm genotypes. The two new potential superantigen genes

ere not associated with recognised mobile genetic elements but

ere limited to certain emm- types. We have termed the genes

peQ and speR , to follow the proposed nomenclature, and con-

rmed that they are indeed mitogenic towards human mononu-

lear cells. 

ethods 

acterial strains and growth conditions 

Two S. pyogenes emm 60 isolates (H865 and H870) were first iso-

ated in 1938 from puerperal sepsis patients at Queen Charlottes

ospital London. S. pyogenes isolates were cultured on Columbia

lood agar plates or statically in Todd Hewitt broth at 37 °C with
n Association. This is an open access article under the CC BY license. 
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% CO 2 . E. coli were cultured in LB at 37 °C with 225 rpm agitation

nd supplemented with 100ug/ml ampicillin where appropriate. 

ene identification 

The speQ and speR genes were first identified from whole

enome sequence (WGS) data of emm 60 isolates H865 and H870

short read archive ERR485817 and ERR485821, respectively). The

resence and sequence of speQR were confirmed by PCR with

rimers spanning from the upstream ideS gene and the down-

tream hypothetical gene ( speQR -region primers listed in Supple-

entary Table 1), and Sanger sequencing. 

hole genome sequence analysis 

Publicly available genome sequence fastq data for other S. pyo-

enes strains representing 86 different emm -types 4–6 were ob-

ained and assembled de novo for identifying the presence or ab-

ence of speQ and speR . 

Fastq reads were assembled de novo using Velvet 7 or as pre-

iously described. 6 Assembly statistics are available at Mendeley

ata (doi: 10.17632/b89yzfcxp8.1 and doi: 10.17632/f2d39nsfwk.1 )

r in the original study. 6 The genomic region spanning the poten-

ial speQR locus was extracted from de novo assemblies and exam-

ned for the presence or absence of complete superantigen genes,

ut in some cases the quality of assembled sequence data was too

ow for adequate confirmation of the complete speQR locus or the

llelic sequence. 

Multi-locus sequence (MLST) data were obtained from de-novo

ssemblies of some UK data. 8 The presence of the 11 known

treptococcal superantigens was determined by mapping of the

hort read sequence data to a pseudosequence of concatenated

enes and confirmed through BLAST analysis of de-novo assem-

lies. Other MLST, emm -genotype and superantigen data were ob-

ained from the original studies. We excluded isolates where the

mm type could not be definitively assigned. This included WGS

rom Kapatai et al. 5 where emm -type determined by WGS was re-

orted to be different to the original Sanger sequenced emm -type,

nd emm -negative isolates from Chochua et al. 4 

For phylogenetic analysis, fastq data was mapped to the com-

leted S. pyogenes emm 89 reference genome H293 (HG316453.2) 9 

nd single nucleotide polymorphisms extracted from the core

enome using SNP-sites 10 to generate a maximum likelihood phy-

ogeny with RAxML. 11 

Different speQR DNA sequence alleles were identified and sub-

itted to Genbank (accession numbers: BK010649- BK010 6 6 6,

K010692, BK010693). 

ecombinant protein expression 

BamHI-ended coding sequences for speQ.1 and speR.1 were

mplified from H865 gDNA using the primers listed in Supple-

entary Table 1 and cloned into the overexpression vector pET-

9b (Novagen). Recombinant proteins were expressed in One Shot

L21(DE3) Chemically Competent E. coli (Life Technologies) and pu-

ified to apparent homogeneity using the Ni-NTA purification sys-

em (Novagen). Protein concentrations were measured using the

ierce Coomassie Plus (Bradford) Assay Kit. 1 μg aliquots of each

rotein were separated by SDS-PAGE and visualized by Instant-

lue staining (Expedeon). Recombinant IdeS was produced as pre-

iously described 

12 and purified alongside recombinant SPEQ and

PER. Recombinant SPEC was purchased from Toxin Technology, Inc

Sarasota, Florida). 
PEQ and SPER antisera 

Antisera towards SPEQ and SPER were raised by immunizing

ice intramuscularly with 10 μg of recombinant protein, emulsi-

ed 1:1 with Freund’s complete adjuvant, and booster immuniza-

ions at 21 and 35 days in Freund’s incomplete adjuvant. Blood was

ollected on day 42 and the resulting antiserum was pooled. 

uman mononuclear cell proliferation assay 

Healthy donor human mononuclear cells (MNCs) were purified

s previously described 

13 and diluted to 1 × 10 6 cells/ml in RPMI

edia (Life Technologies) ( + 10% FCS). Cells were seeded into 96

ell plates at a concentration of 2 × 10 5 /well and incubated with

ecreasing concentrations of recombinant protein for 48 h. Cell

roliferation was measured with a Colorimetric Cell Proliferation

rdU ELISA (Roche). 

mmunoblotting 

S. pyogenes culture supernatants collected at different time

oints were concentrated 16-fold by TCA precipitation. Separated

roteins were transferred to PVDF membrane (Hybond-LFP, GE

ealthcare) which were blocked with 5% non-fat milk (Sigma

ldrich) in PBS and probed with a 1:10 0 0 dilution of mouse an-

iserum raised against SPEQ or SPER. Bound antibodies were de-

ected using a 1:80,0 0 0 dilution of HRP-conjugated goat anti-

ouse IgG (Abcam). 

NA extraction and PCR 

RNA was extracted from early, mid and late logarithmic growth

hases of the two emm 60 strains (H865 and H870) using a hot

cidic phenol method as previously described. 14 RNA samples were

reated with Turbo DNA- free (Ambion) DNase and 1 μg was con-

erted into cDNA using Transcriptor reverse transcriptase (Roche)

nd random hexaoligos (RT + samples). To control for contaminat-

ng genomic DNA equivalent reverse transcriptase negative (RT −)

amples were generated with another 1 μg but the Transcriptor re-

erse transcriptase was excluded from the reaction. PCR for speQR

o-transcription was performed on 200 ng of the RT + cDNA and

T − samples using speQR primers (Supplementary Table 1) and vi-

ualized on an agarose gel. 

thics 

Normal human donor cells were acquired from an approved

ub-collection of the Imperial College Tissue Bank. All murine pro-

edures were approved by the local ethical review process at Impe-

ial College London and conducted in accordance with the relevant,

K Home Office approved, project license. 

esults 

dentification of two new potential superantigen genes; speQ and 

peR 

We sequenced the genomes of two viable emm 60 isolates, orig-

nally collected in 1938 from two puerperal sepsis patients, and

nalyzed the genomes for the presence of superantigens. We could

ot detect the presence of any of the known streptococcal super-

ntigens by short read sequence mapping or BLAST analysis of de

ovo assembled genomes. The analysis did, however, indicate the

resence of sequence in the genomes of both emm 60 isolates with

artial homology to speK . We identified this homologous sequence

o be within one of two hypothetical genes located immediately

https://doi.org/10.17632/b89yzfcxp8.1
https://doi.org/10.17632/f2d39nsfwk.1
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Fig. 1. Schematic representation of the chromosomal location of speQ and speR and 

similarity to other superantigens. (A) In emm -types where the two superantigens 

genes speQ (blue) and speR (green) were present in the chromosome they were 

located immediately downstream of the gene ideS (orange) encoding for the im- 

munoglobulin cleaving protease, and upstream of a gene encoding for a hypothet- 

ical protein (black). In emm -types where the full length superantigen genes were 

absent in the chromosome, a C-terminal ∼364 base pair fragment of speR was 

present downstream of ideS . (B) Available sequences of the superantigen alleles de- 

termined by Commons et al. 1 were obtained and translated to amino acids. The sig- 

nal sequences were identified by SignalP 15 and excluded before alignment with the 

predicted mature protein sequences of SPEQ (blue) and SPER (green) alleles. Core 

chromosome (i.e. not associated with known prophage elements) S. pyogenes su- 

perantigens are shaded grey. The Staphylococcus aureus superantigen SEB sequence 

was also included and used to root the maximum likelihood tree. The 28 SPEG alle- 

les and 39 SMEZ alleles were condensed to a single branch for illustration purposes. 

Scale represents amino acid substitutions per site. Bootstrap values greater than 80% 

are shown. 
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downstream of the gene ideS (also known as mac ) encoding for

an immunoglobulin cleaving protease ( Fig. 1 (A)). BLAST indicated

that these genes were closely related to other streptococcal super-

antigens and carried the typical superantigen C terminal β-grasp

domain. 1 We therefore predicted that these would be superanti-

gen genes and denoted them speQ and speR . PCR and Sanger se-

quencing confirmed the WGS data. BLASTn and BLASTp of com-

pleted available S. pyogenes genomes also identified speQ and speR

in an emm 87 strain NGAS743 (DI45_05770 and DI45_05775, re-

spectively; Genbank CP007560.1). 16 In isolates where full length

speQ and speR genes were absent, a C-terminal fragment of speR

was present immediately downstream of ideS ( Fig. 1 (A)). We also

performed BLASTp analysis of the entire NCBI database, excluding

S. pyogenes , but did not identify SPEQ or SPER in any other avail-

able genomes including other streptococcal species. 

Phylogenetic analysis of the amino acid sequences of SPEQ,

SPER, and all other available superantigen alleles from all strep-

tococcal species 1 demonstrated that, although phylogenetically dis-

tinct, SPEQ is closely related to the prophage-associated SPEK shar-
ng 84% amino acid identity, and SPER is most closely related to

he chromosomal SPEJ sharing 64% amino acid identity ( Fig. 1 (B)).

omparisons were made between SPEQ, SPEK, SPEJ and SPER to

dentify two superantigen signature amino acid motifs (Supple-

entary Figure 1). 1 , 3 SPER, like SPEJ, had the motif Y-G-G-(LIV)-T-

 4 -N (Prosite PS00277) but only a partial match for this was iden-

ified in SPEQ and SPEK. All four superantigens had the motif K-

 2 -(LIVF)-x 4 -(LIVF)- D -x 3 -R-x 2 - L -x 5 -(LIV)-Y (Prosite PS00278) and a

-terminal zinc binding domain (HxD). 

To determine the presence of speQR in other S. pyogenes geno-

ypes, publicly available WGS fastq data were obtained from the

hort read archive for UK isolates 5 , 6 and USA isolates 4 totaling

262 genomes tested covering 86 different genotypes (Supplemen-

ary Table 2). Complete speQ and speR were identified in the as-

embled genome sequence of isolates belonging to the emm -types

mm 9, 15, 18, 42, 53, 58, 60, 77, 87, 94 and 169 (Supplementary Ta-

le 3). However, not all isolates belonging to some of these geno-

ypes carried the complete speQR locus, which was unexpected

iven the lack of association with mobile genetic elements. Only

ne out of 41 emm 18 (USA isolate 20154046) had complete speQR ,

s did 21/24 emm 58 isolates and 49/72 emm 77 isolates. The pres-

nce or absence of complete speQR in these genotypes appeared

o be associated with divergent lineages and multi-locus sequence

ypes (MLST) within these emm -types (Supplementary Figure 2,

upplementary Table 3), indicative of the same emm gene on com-

letely different genetic backgrounds. In contrast, all emm 94 iso-

ates were MLST-89, but 2/50 did not carry the complete speQR al-

ele and formed a separate sub-lineage. As these isolates were still

elatively closely related there may have been a horizontal gene

ransfer event of the speQR region. 

The majority of isolate genomes that were positive for speQR

ere also positive for at least one other superantigen gene (Sup-

lementary Table 3). The exceptions to this were 4/5 emm 60, 1/72

mm 77, and 2/2 emm 169 isolates where no superantigen genes

ther than speQR were detected. 4 

From the WGS analysis, thirteen DNA alleles for speQ and seven

NA alleles for speR were identified. The variation was limited to

ingle nucleotide polymorphisms, except a region in speQ which

aried in the number of a 15 bp/5aa repeat (Supplementary Figure

). This 15 bp/5aa region repeated twice, four times and five times

n three alleles, speQ.2, speQ.4 and speQ.5 , respectively; these alleles

ere found only in genotype emm 9 isolates. Based on amino acid

equence, SPEQ.1, SPEQ.6, SPEQ.8, SPEQ.11 and SPEQ.12 were iden-

ical. SPEQ.3, SPEQ.7, SPEQ.9 and SPEQ.13 each differ from SPEQ.1

y one amino acid residue and SPEQ.10 differs by two amino acid

esidues. For SPER, SPER.1, SPER.2, SPER.4, and SPER.5 were iden-

ical by amino acid sequence, but SPER.3, SPER.6 and SPER.7 each

iffer by one amino acid. 

ecombinant SPEQ and SPER induced proliferation of human 

ononuclear cells 

To determine if SPEQ and SPER were capable of inducing pro-

iferation of human T cells, we recombinantly expressed both pro-

eins in E. coli ( Fig. 2 (A)). These recombinant toxins represented

ene alleles speQ.1 and speR.1 . Purified toxins were then used to

timulate human mononuclear cells (MNCs) and proliferation was

easured by BrdU uptake ( Fig. 2 (B)). Both SPEQ and SPER induced

roliferation, although a 10-fold greater concentration of SPEQ than

PER was required to generate an equivalent response. Proliferation

fter stimulation with another streptococcal superantigen, SPEC,

equired 100-1000-fold lower concentration than SPEQ and SPER.

s a control, the non-mitogenic IdeS was recombinantly expressed

nd purified in the same manner as SPEQ and SPER but failed to

timulate any proliferation, as expected. 
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Fig. 2. Activity and expression of SPEQ/R. (A) Instant blue stained SDS-PAGE gel of purified recombinantly-expressed SPEQ and SPER which were then used to stimulate 

human mononuclear cells (MNCs). (B) Proliferation of MNCs, measured by BrdU assay, required 10 fold more SPEQ (solid line, squares) than SPER (dashed line, triangles). 

The streptococcal superantigen SPEC (grey dashed line, circles) induced proliferation at a concentration ∼100 fold lower than SPER. The protein IdeS (dotted line, diamonds) 

which was expressed and purified in the same manner as SPEQ and SPER, induced no proliferation of MNCs at any concentration used. Data represent mean and SD from 

a single MNC donor representative of data from two other donors. (C) RNA was extracted from two strains of S. pyogenes emm 60 cultured to early (E), mid (M) and late (L) 

logarithmic phase and converted to cDNA. This was repeated on two separate occasions (Exp1 and Exp2) and gave very similar results. PCR was performed on 200 ng of 

cDNA using primers that spanned speQ and speR and, for both strains and in both experiments, a band was detected at ∼1 kb following PCR on the RT + samples, confirming 

co-transcription of speQ and speR . No bands were present in samples where the reverse transcriptase had been excluded from the RNA to cDNA reverse transcription reaction 

(RT −), suggesting no contamination of genomic DNA. (D) SPEQ was detected by Western blot in the culture supernatant of two emm 60 strains (Strain 1 and Strain 2) at late 

logarithmic phase (L) and following overnight culture (O), but not at early (E) and only faintly at mid (M) logarithmic phase. A standard curve of 100, 50, 25 and 12.5 ng of 

rSPEQ was included to provide quantification. Culture supernatants were concentrated 20-fold. 

B

 

s  

t  

t  

s  

c  

s  

g

 

p  

a  

b  

t  

c

1

1  

t  

g

D

 

c  

q  

e  

g  

d

 

i  

e  

s  

t  

b  

c

 

c  

a  

t  

p  

a  

S  

m  

m  

g  

s

 

a  

o  

c  

s  

(  

w  
oth speQ and speR are expressed by S. pyogenes during culture 

To confirm speQ and speR expression by S. pyogenes , tran-

cription and protein expression were measured. RNA was ex-

racted at early, mid and late-logarithmic phases of growth of

wo emm 60 strains and converted to cDNA for PCR. Primers that

panned across both speQ and speR confirmed the two genes are

o-transcribed ( Fig. 2 (C)). Although only semi-quantitative, tran-

cription appeared greatest at early and mid-logarithmic phases of

rowth. 

Culture supernatants from the same two strains of emm 60 S.

yogenes were probed by Western blot for SPEQ and SPER using an

ntibody raised in mice against recombinant proteins. SPEQ could

e detected at late-logarithmic phase and following overnight cul-

ure in both emm 60 strains ( Fig. 2 (D)). Using rSPEQ at known

oncentrations the estimated concentration of SPEQ was ∼90–

27 ng/ml in late-logarithmic phase culture and increased to ∼155–

63 ng/ml by overnight culture. We were, however, unable to de-

ect SPER using the rSPER murine antibody in either strain at any

rowth phase, which was unexpected given the co-transcription. 

iscussion 

We identified two potential superantigen genes present in the

hromosomes of two 1930s S. pyogenes emm 60 isolates and subse-

uently identified the same genes in isolates belonging to 10 other

mm -types in modern international isolates. We termed these
enes speQ and speR and confirmed that they were capable of in-

ucing proliferation of human cells. 

We tested the genomes over 40 0 0 different isolates represent-

ng 86 emm -types and detected speQR in strains belonging to

mm 9, 15, 18, 42, 53, 58, 60, 77, 87, 94 and 169, although both

peQR positive and negative lineages existed within these geno-

ypes (Supplementary Figure 2). Both emm 77 and emm 87 have

een reported as common causes of invasive disease in various

ountries. 17 

Like the majority of other superantigens, both speQ and speR

arry two of the three classic superantigen motifs. The third was

bsent in speQ , as also observed in the closest relative speK , al-

hough present in speR and may relate to the different mitogenic

otential; 10-fold more SPEQ than SPER was required to generate

n equivalent mitogenic response. The mitogenic activity of both

PEQ and SPER was 10–100 fold lower than that of SPEC. This

ay limit contribution of SPEQ/R to virulence in the presence of

uch more potent superantigens. The majority of isolates whose

enomes tested positive for speQ/R also carried at least one other

uperantigen genes. 

Across the entire collection of 1441 USA isolates (previously

ll typed for the 11 known superantigen genes), the prevalence

f speQR was 6%, similar to speL (5%) and speM (6%). 4 The most

ommonly found superantigen gene within the USA collection was

peG (93%) followed by smeZ (91%), speC (51%), speJ (41%), speA

26%), speH (25%), speI (23%), ssa (10%), speK (9%). 4 Of those that

ere positive for speQR , the prevalence of smeZ was still high
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(94%) and similar for speK (11%) and speC (40%), but fewer were

positive for speG (54%) as well as speA (4%), speH (4%), speI (1%),

speJ (28%), and more were positive for ssa (41%), speL (16%) and

speM (16%). This may, however, reflect an association of super-

antigen complement with emm -type. At least one superantigen

gene was detected in all 1441 USA isolates, except for four (of 5)

emm 60 isolates and one (of 54) emm 77 isolate. 4 We identified that

these five ‘superantigen negative’ isolates were positive for speQR ,

consistent with our initial finding that two 1930s emm 60 were

only positive for speQR and no other known superantigens. 

Interestingly, in all isolates where full length speQ and speR

genes were absent, immediately downstream of ideS was a C-

terminal fragment of speR ( Fig. 1 (A)). This suggests that speQR

genes were present in the most recent common ancestor of all

emm -types but were lost as the emm -types diverged. Despite being

chromosomally encoded, speQ and speR were less frequent among

contemporary sequenced isolates than the other chromosomally

encoded superantigens speG, speJ and smeZ . Quite why speQ and

speR have persisted in the emm types that we identified is unclear;

this may reflect a requirement of S. pyogenes to express at least one

superantigen. 

Although superantigens are implicated in the pathogenesis of

scarlet fever and streptococcal toxic shock, it is widely recognized

that the production of superantigens must play a role in S. pyo-

genes fitness. 18 , 19 This has been borne out in epidemiological stud-

ies that show alterations of superantigen gene content to be im-

plicated in emergence or expansion of new lineages in the popula-

tion, 20 , 21 and in animal models where superantigens are shown to

be necessary for successful infection. 2 , 19 

Superantigens crosslink the major histocompatibility molecule

(MHC) class II on antigen presenting cells with the T cell recep-

tor. The binding of the T cell receptor occurs through the variable

(V) β-region, with a specificity towards different V β variants. 18 As

each superantigen can activate a different repertoire of V β , the

more superantigens expressed by S. pyogenes the greater the het-

erogeneity of T cell expansion. Further work is required to deter-

mine the V β preference of SPEQ and SPER but it may be that even

in the presence of more potent superantigens, they still contribute

to pathogenesis through the expansion of a different T cell reper-

toire. 

Genetic comparison of speQ and speR with the other known

streptococcal superantigens indicated that they were closely re-

lated to the prophage-associated speK and the core chromosomal

speJ , respectively. As SPEQ shares 84% amino acid identity with

SPEK, it is possible that speK originated from speQ that was picked

up by a bacteriophage. We did not identify any speQR orthologues

in the available genomes of other streptococcal species. 

Although we identified thirteen different alleles of speQ , the

most common was speQ.1, found in 81% (174/216) of speQR -positive

isolate genomes where we could confirm the allele. It was also

the original allele we identified in the emm 60 isolates from the

1930s. The alleles speQ.2, speQ.4 and speQ.5 that vary by a repeat

region were restricted to the emm 9 genotype. It is unclear as to

the significance of this or the impact the repeat region may have

on mitogenic activity of these alleles. The original 1930s emm 60

speR allele, speR.1 was found in 40% (82/216) but the most com-

mon was speR.2 , found in 56% (120/216) of speQR -positive iso-

late genomes; these two alleles should, however, encode identical

proteins. 

Co-transcription of speQR was detected with greater expression

in the early stages of exponential growth. Surprisingly, we were

unable to detect SPER protein in S. pyogenes culture supernatant,

although we were able to detect SPEQ at levels similar to SPEC

expressed by emm 3 S. pyogenes . 22 Other superantigens have been

shown to be sensitive to SPEB degradation, 23 and this may be

the case for SPER. It is also possible that the antibody we raised,
hile able to detect recombinant SPER, was unable to detect native

PER. 

We have shown that there are now 16 streptococcal superanti-

en genes; each one may play a role in promoting S. pyogenes

irulence. While the benefits of superantigen production remain

ncompletely understood, the ubiquitous presence of superantigen

enes within the S. pyogenes genome suggests that they do play a

ignificant role in S. pyogenes disease. 
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