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Text S1 

Methods 
 

Plasmid and strain construction.  
Primer sequences used in this study are listed in Table S1. A nonpolar in-frame deletion 

mutant of lic2A was created by replacement of the protein coding sequences with the 

aacC1 gentamicin resistance cassette by polymerase chain reaction (PCR) stitching as 

follows: A 1045 bp PCR product containing the 5’ flanking region of lic2A was amplified 

from Rd with primers 550-1kbup and 550-5out.  A 1010 bp PCR product containing the 3’ 

flanking region of lic2A was amplified from Rd with primers 550-3out and 550-1kbdown. 

A 536 bp fragment containing the aacC1 gentamicin resistance gene was amplified with 

primers aacC15’ and aacC13’ from pBSL182 (Alexeyev and Shokolenko, 1995).  The 1045 

bp, 1010 bp, and 536 bp products were stitched in a PCR reaction with primers 550-1kbup 

and 550-1kbdown.  The resultant ~2.5 kb product was introduced into Rd and GmR 

transformants were selected on sBHI agar containing Gm.  A nonpolar, in-frame deletion 

mutant of galE in Rd is described previously (Wong et al., 2013).  Similarly, lic2A and 

galE single deletion mutations in NTHi 375 were created by transforming this strain with 

the ~2.4 kb PCR product (above) and the ~2.8 kb galE knockout PCR product (Wong et al., 

2013) and selecting for GmR or KmR transformants on sBHI agar containing Gm or Km, 

respectively.  The galE and lic2A double deletion mutant in NTHi 375 was created by 

introducing the ~2.4 kb lic2A knockout PCR product into the NTHi 375 galE mutant; the 

galE and lic2A double deletion mutant in Rd was created by introducing the ~2.8 kb galE 

knockout PCR product into the Rd lic2A deletion mutant. All strains used in this study, 

except for those with deletions in lic2A, were analyzed by PCR with primers 50550 and 

30550 to amplify lic2A, and primers 550-5’caat and 550-3’caat to sequence the PCR 

products across the lic2A 5’ regions containing the phase variable CAAT repeat tracts, 

verifying that the lic2A gene is phase-on, containing 22 repeats corresponding to the active 

open reading frame (Dixon et al., 2007). 

 Nonpolar in-frame deletion mutants of lsgE, lsgD, and lsgC in Rd were created by 

replacement of the protein coding sequences with the ermC’ erythromycin resistance 

cassette under the synthetic E. coli trc promoter by PCR stitching with the initial step as 
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follows: A 735 bp fragment containing the ermC’ gene was amplified with primers 

ermC5orf and ermC3orf from pFLOB4300 (Johnston and Cannon, 1999) (a kind gift of 

Drs. Lisa Lewis and Sanjay Ram) and stitched to a 264 bp PCR product containing the trc 

promoter from pTrcHIs2B (ThermoFisher Scientific) amplified with primers PTrc5CGA 

and PTrcstitchErm to yield a 984 bp product, TrcP-ermC’. To generate an lsgC mutant, a 

931 bp PCR product containing the 5’ flanking region of lsgC was amplified from Rd with 

primers 5-1699 and 1698-5out.  A 1059 bp PCR product containing the 3’ flanking region 

of lsgC was amplified from Rd with primers 1698-3out2 and 1698-1kb3. The 931 bp, 1059 

bp, and the 984 bp (TrcP-ermC’) products were stitched in a PCR reaction with primers 5-

1699 and 1698-1kb3 to yield the resultant ~3 kb lsgC knockout PCR product. To generate 

an lsgD mutant, an 1109 bp PCR product containing the 5’ flanking region of lsgD was 

amplified from Rd with primers 5-1698-2 and 1697-5out. A 917 bp PCR product 

containing the 3’ flanking region of lsgD was amplified from Rd with primers 1697-3out2 

and 3-1696orf2. The 1109 bp, 917 bp, and 984 bp (TrcP-ermC’) products were stitched in a 

PCR reaction with primers 5-1698-2 and 3-1696orf2 to yield the resultant ~3 kb lsgD 

knockout PCR product. To generate an lsgE mutant, an 800 bp PCR product containing the 

5’ flanking region of lsgE was amplified from Rd with primers 1697-5'+1696-5out. A 1094 

bp PCR product containing the 3’ flanking region of lsgE was amplified from Rd with 

primers 1696-3out2+1696-1kb3. The 800 bp, 1094 bp, and 984 bp (TrcP-ermC’) products 

were stitched in a PCR reaction with primers 1697-5'and 1696-1kb3 to yield the resultant 

~2.8 kb lsgE knockout PCR product. The resultant lsg knockout PCR products were 

introduced into Rd and ErmR transformants were selected on sBHI agar containing Erm. 

The lic2A lsg double deletion mutants in Rd were created by introducing each lsgE, lsgD, 

and lsgC knockout PCR products (above) into the Rd lic2A deletion mutant and selecting 

for ErmR transformants on sBHI agar containing Erm. 

 A nonpolar, in-frame deletion mutant of galK in Rd was created by replacement of 

the protein coding sequences with the aacC1 gentamicin resistance cassette by PCR 

stitching as follows: A 997 bp PCR product containing the 5’ flanking region of galK was 

amplified from Rd with primers 1kb5-HI0819 and HI0819-5outgent.  A 982 bp PCR 

product containing the 3’ flanking region of galK was amplified from Rd with primers 

HI0819-3outgent and 1kb3-HI0819.  These two products and the 536 bp aacC1 gene were 
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stitched in a PCR reaction with primers 1kb5-HI0819 and HI0819-5outgent.  The resultant 

~2.5 kb product was introduced into Rd and GmR transformants were selected on sBHI agar 

containing Gm.  The galE and galK double deletion mutation in Rd was created by 

introducing the ~2.8 kb galE replacement PCR product into the galK deletion mutant. 

 Wild-type Rd strain containing the empty allelic exchange vector pXT10 (Wong 

and Akerley, 2003) (RdV, called here as RdV) was described previously (Wong et al., 

2007).  Rd strain, RdLacZ containing a xylose inducible lacZ gene integrated at the xyl 

locus was generated with plasmid pXELacZ2 as described (Rosadini et al., 2011). The 

single lic2A and galE mutants and the double lic2A and galE deletion mutants containing 

the empty cloning vector were created by transformation with pXT10 and selecting for 

transformants on sBHI agar containing Tet.  The galE complementing strain in Rd was 

created as follows: A 1269 bp product containing the galE protein coding sequence and 

adjacent upstream promoter region were amplified from Rd with primers 5RdgalESap and 

3RdgalESap.  The PCR product was digested with SapI and cloned into the SapI sites of 

pXT10. This plasmid was introduced into the xyl locus of the galE deletion mutant and 

TetR transformants were selected on sBHI agar containing Tet.  To create a Rd strain which 

contains a complementing copy of lic2A phase-on locked in trans, a construct containing a 

deletion of all of the CAAT tandem repeats except for one in the lic2A open reading frame 

was created as follows: A 264 bp PCR product containing the 5’region of lic2A was 

amplified from Rd with primers 375lic2A-5sap and Rd lic2A-5out.  A 739 bp PCR product 

containing the 3’region of lic2A was amplified from Rd with primers 375 lic2A-3out and 

375lic2A-3sap. The two products were stitched in PCR with primers 375lic2A-5sap and 

375lic2A-3sap. The resultant ~990 bp product was digested with SapI and cloned into the 

SapI sites of pXT10.  This construct was introduced into the xyl locus of the galE and lic2A 

double deletion mutant to create strain RdgalElic2A/lic2AC
on containing lic2A phase on 

locked. ∆rep strain containing licA phase-on locked in Rd was described previously (Wong 

and Akerley, 2005). The lic2A deletion mutant in the ∆rep background was created by 

transforming the ~2.5 kb lic2A knockout PCR product (above) into ∆rep and selecting for 

GmR transformants on sBHI agar containing Gm to create ∆replic2A. 

 A nonpolar in-frame deletion mutant of siaB in clinical isolate NT127 (Wong et al., 

2013) was created by replacement of the protein coding sequence with a kanamycin 
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resistance gene by PCR stitching as follows:  A 1019 bp PCR product containing the 5’ 

flanking region of siaB was amplified from NT127 with primers 1kb5’JBsiaB and JBsiaB-

5’out.  A 1023 bp PCR product containing the 3’ flanking region of siaB was amplified 

from NT127 with primers JBsiaB-3’out and 1kb3’JBsiaB.  An 818 bp fragment containing 

the kanamycin resistance gene, aphI from Tn903 was amplified with primers kan5+ATG 

and kan3’+TAA (Wong et al., 2013). The 1019 bp, 1023 bp, and 818 bp products were 

stitched in a PCR reaction with primers 1kb5’JBsiaB and 1kb3’JBsiaB.  The resultant ~2.8 

kb product was introduced into NT127 and KmR transformants were selected on sBHI agar 

containing Km. For NTHi 375 carrying the siaB mutation, we thank Dr. Derek Hood for 

the 375siaB strain (Bouchet et al., 2003). 	  

	  

Absorption of sera.   

For absorption, 4 x 1010 each of strains RdgalElic2A/lic2AC
on and RdgalElic2A grown on 

MIc agar containing sialic acid (25 µg/ml) were harvested, washed in	  Hank's Balanced Salt 

Solution with calcium and magnesium chloride (HBSS++), pelleted and incubated with 

1ml of NHS∆i was added to each pellet containing 1010 bacteria and incubated for 30 min at 

37oC followed by centrifugation for 5 min at room temperature. Serum supernatant was 

collected and added to a fresh aliquot of 1010 bacteria with the absorption procedure 

repeated for a total of four rounds. At the final round, the bacterial suspension was 

incubated at 4oC overnight with gentle agitation prior to centrifugation to collect absorbed 

sera.	  

	  

Serum bactericidal assays. 
Serum bactericidal assays were performed as previously described (Wong et al., 2011) with 

~3,000 CFU of bacteria incubated with or without NHS (Innovative Research) and NHS∆i 

at a concentrations specified for each experiment in a final reaction mixture volume of 150 

µl in HBSS++/0.1%BSA for 30 min at 37oC. Dilutions of untreated samples were plated on 

sBHI agar plates at 0 min to verify similar numbers of input bacteria for each sample. 

Dilutions of NHS treated versus NHS∆I treated samples were plated on sBHI agar plates at 

30 min. Survival was calculated as the ratio of CFU recovered from samples treated with 

either NHS or NHS∆I at 30 min to those from untreated samples (Figures 4 and S1), or in 
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other experiments as the ratio of CFU recovered at 30 min from samples treated with NHS 

to those with NHS∆i. All	  experiments	  were	  conducted	  on	  duplicate	  or	  triplicate	  

independent	  samples	  as	  indicated	  in	  figure	  legends. For bactericidal assays using strain 

specific absorbed sera, percent survival was calculated as the ratio of CFU recovered from 

NHS∆i treated vs. untreated (buffer only) samples after HC incubation. 

 

H. influenzae colonization in the murine lung model. 

For single strain colonization assays and in vivo competition assays, H. influenzae strains 

were inoculated intranasally into mice and recovered from lungs at ~24 hr. post-bacterial 

inoculation. For in vivo competition assays, 107 CFU of RdV, Rdlic2AV, RdgalEV, 

RdgalE/galEC, RdgalElic2AV and RdgalElic2A/lic2AC
on were co-inoculated with an equal 

number of competitor RdLacZ (expresses lacZ) into the nares of mice (n=5), and recovered 

CFU enumerated on sBHI with S-Gal. Ratios of CFU of the experimental strains (white 

colonies, LacZ-) to competitor strain (black colonies, LacZ+) were reported as the 

competitive index. For the single strain colonization assay, 107 CFU of NTHi 375 wild-

type and isogenic mutants were inoculated into the nares of mice (n=10-12). Bacterial CFU 

were recovered and enumerated from lungs at ~ 24 hr. post-infection. 

 
Sequencing of transposon junctions and analysis of sequence data. 

After aligning the sequence reads to the H. influenzae Rd KW20 genome, GenBank: 

L42023.1 (National Center for Biotechnology Information, NCBI), assigning reads to 

genes and filtering for unique reads, read counts obtained for in vitro libraries and output 

libraries recovered from mice were 1,733,828 and 1,790,931 (parent library); 652,601 and 

2,399,822 (lic2A library), respectively. 1,416,631 and 538,141 sequencing reads were in 

protein coding genes with 317,197 and 114,460 reads in RNA structural genes or intergenic 

regions for parent and lic2A libraries, respectively. The average ratios of the number of 

output reads divided by the input reads in each gene were determined. After trimming the 

15% highest and lowest ratios the median ratios were used to obtain normalization factors 

of 0.925 and 3.05, which were used to adjust the number of input reads from parent library 

and lic2A library, respectively. Student t-test p values were calculated from normalized 

unique input reads vs. unique output reads at each TA position in each gene.  A fitness 
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survival index (s.i.) for a mutant after selection was calculated by dividing the total reads 

within the first 95% of the coding region of each gene from the output library by the total 

reads (normalized) from the same region in the input library. 

 Of the 1,724 predicted or annotated genes in the genome, we excluded loci required 

for growth in vitro on rich medium (sBHI) from our analysis. These genes were identified 

with the Essential Loci analysis (EL-ARTIST) component of the Analysis of high-

Resolution Transposon-Insertion Sequences Technique (ARTIST) pipeline (Pritchard et al., 

2014) using MATLAB computing software (MathWorks, Inc., Natick, MA).  EL-ARTIST 

analysis was performed on in vitro grown transposon library created in ∆rep and ∆replic2A 

strains using a sliding window size of 7 (7 consecutive TA sites) and p value thresholds of 

0.045 (for the parent ∆rep library) and 0.04 (for the ∆replic2A library) as parameters for a 

region to be considered significantly underrepresented in reads in order to generate a list of 

sliding window essential regions for hidden Markov modeling (HMM) to refine assignment 

of essentiality. The p value parameters were determined based on the threshold yielding the 

highest stringency required for the sliding window analysis to identify non-essential and 

essential regions using this recommended sliding window size with the level of saturation 

of our transposon insertion data in each library. Final HMM predictions for functional 

categorization of each locus were: non-essential for growth; essential for optimal growth; 

domain essential (contains both regions that are required and dispensable for growth). 

 EL-ARTIST assigned 443 and 481 essential genes from the parent and lic2A input 

libraries, respectively that were excluded from our analysis. These two sets of essential 

genes had concordances of 96% and 90%, respectively compared to our previous HITS 

data in which we excluded genes based on essentiality (no insertions detected), near 

essentiality (insertions in <5% of their possible TA sites), inferred growth defects in vitro 

(insertions in >5% but less than <35% of their possible TA sites) and small gene size (<8 

possible TA insertion sites) combined (Wong et al., 2013). From the parent library and 

lic2A library datasets, we further excluded 40 genes that contained sequences duplicated in 

the genome, genes with ≤ 5 read counts and genes with insertions in only one TA site 

within the first 95% of their coding regions (5 genes for parent library; 6 genes for lic2A 

library) leaving the remaining 1236 and 1197 genes, respectively to be further analyzed for 

their roles in fitness. A survival index < 0.2 and p < 0.001, corresponding to false discovery 
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rates (FDR) (Noble, 2009) of 1.2% and 1.3% for parent library and lic2A library, 

respectively, were set as requirements for genes to be considered to contribute to fitness 

during infection in the lung. 

 

Discussion (additional): Genes required in the lic2A deletion background. 

 Our genetic interaction screen using HITS showed that several of the genes required 

in the lic2A deletion background (Table 1) have potential orthologs in other species that 

participate in biofilm formation. For example, the response regulator, phoB and ABC 

transporter permease, pstA of the phosphate regulon that function to maintain phosphate 

homeostasis (Hsieh and Wanner, 2010) have been reported to stimulate or enhance biofilm 

formation in the plant pathogen Agrobacterium tumefaciens (Xu et al., 2012) and 

Pseudomonas aureofaciens (Monds et al., 2001), respectively. Several genes had roles in 

stress response or adaptation (e.g. lon, sspA, deaD, aspA). The Lon protease, responsible 

for damaged protein turnover was also associated with responses to stress (DNA damage, 

acid tolerance, starvation), virulence phenotypes (Van Melderen and Aertsen, 2009) and 

was essential for biofilm development/formation in Pseudomonas aeruginosa (Marr et al., 

2007), Actinobacillus pleuropneumoniae (Xie et al., 2016), Vibrio cholerae (Rogers et al., 

2016) and Acinetobacter baumannii (Ching et al., 2018). The transcriptional activator SspA 

which is induced by starvation/stress was one of several proteins detected solely during 

biofilm growth vs. planktonic growth conditions in Salmonella enterica (Giaouris et al., 

2013). deaD (or csdA) encodes a RNA helicase belonging to a family of helicases with 

conserved amino acids motifs including the DEAD-box involved in RNA metabolism 

(ribosome biogenesis, translation, mRNA decay) (Iost and Dreyfus, 2006).  Usually 

deaD/csdA functions in adaptation to cold conditions, but was shown to operate at a higher 

temperature in regulating the carbon storage regulatory system in E. coli to promote 

biofilm formation (Vakulskas et al., 2014). aspA catalyzes the deamination of L-aspartate 

into fumarate and in the process produces ammonia as a by-product. Sensing of ammonia 

as a volatile compound produced from neighboring bacterial species cultured in adjacent 

microtiter wells induced biofilm formation in Bacillus licheniformis (Nijland and Burgess, 

2010). Similarly, aerial exposure of E. coli by ammonia increased intracellular levels of 

polyamine enhancing resistance to oxidative stress (Bernier et al., 2011) and promoting 
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biofilm formation in V. cholerae, Yersinia pestis, Bacillus subtilis, E. coli, and Neisseria 

gonorrhoeae (Karatan and Michael, 2013). 

 Several genes with functions in DNA replication, recombination, and repair (ihfA, xerC, 

fis) that were also required in the lic2A mutant have been linked to biofilm formation.  The XerC 

recombinase is required for chromosomal segregation at cell division (Barre et al., 2001) and a 

mutation in this gene reduced biofilm formation in vitro in a methicillin resistant strain of 

Staphylococcus aureus (Atwood et al., 2016). Fis and IhfA are DNA-binding proteins with global 

regulatory roles. Fis transcriptionally regulates diverse virulence traits and promotes biofilm 

formation in various gram negative bacteria including a pathogenic strain of E. coli (Sheikh et al., 

2001), plant pathogen Dickeya zeae (Lv et al., 2018), and soil bacterium Pseudomonas putida 

(Moor et al., 2014). IhfA and IhfB mutants in Salmonella enterica were impaired in biofilm 

biomass and thickness (Leite et al., 2017). 
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