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Abstract 30 

 31 

Complex polymicrobial biofilm communities are abundant in nature particularly in the human 32 

oral cavity where their composition and fitness can affect health. While the study of these 33 

communities during disease is essential and prevalent, little is known about interactions within 34 

the healthy plaque community. Here we describe interactions between two of the most 35 

abundant species in this healthy microbiome, Haemophilus parainfluenzae and Streptococcus 36 

mitis. We discovered that H. parainfluenzae typically exists adjacent to Mitis group streptococci 37 

in vivo with which it also positively correlated based on microbiome data. By comparing in vitro 38 

coculture data to ex vivo microscopy we revealed that this co-occurrence is density dependent 39 

and further influenced by H2O2 production. We discovered that H. parainfluenzae has a more 40 

redundant, multifactorial response to H2O2 than related organisms and that the integrity of this 41 

system enhances streptococcal fitness. We also show that Mitis group streptococci can act as 42 

an in vivo source of NAD for H. parainfluenzae and that streptococci in vitro evoke patterns of 43 

carbon utilization from H. parainfluenzae that are similar to those observed in vivo. Our findings 44 

describe mechanistic interactions between two of the most abundant and prevalent members of 45 

healthy supragingival plaque that contribute to their survival in vivo.   46 

  47 
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Introduction 48 

 49 

Within the human oral microbiome, supragingival plaque (SUPP) is a polymicrobial biofilm that 50 

grows on the tooth surface above the gum line. The composition of SUPP has been long 51 

studied beginning with Antony von Leeuwenhoek in 1683 (Mikx 1983) and resolved in great 52 

detail both in composition by microbiome studies (Dewhirst et al. 2010; Human Microbiome 53 

Project Consortium 2012; Eren et al. 2014) and physical structure by microscopy and 54 

attachment-based studies (Mark Welch et al. 2016; Kolenbrander et al. 2002). Haemophilus 55 

parainfluenzae is one of the most abundant and prevalent species in the SUPP of healthy 56 

individuals (Human Microbiome Project Consortium 2012; Eren et al. 2014). Likewise 57 

Streptococcus is one of the most abundant and prevalent genera in this environment with 58 

species within the Mitis group (S. mitis, S. oralis, S. australis, S. infantis, and others) (Zheng et 59 

al. 2016; Jensen, Scholz, and Kilian 2016) being particularly abundant (Liljemark et al. 1984; 60 

Dewhirst et al. 2010; Eren et al. 2014). In addition to SUPP, these organisms are highly 61 

abundant in other oral and extraoral sites. Despite these being highly abundant and prevalent 62 

species in the oral microbiome, it is unknown if they exist in close enough contact to influence 63 

each other and if so, by what mechanism(s).  64 

 65 

In this study we demonstrate that in SUPP H. parainfluenzae grows in close proximity to Mitis 66 

group streptococci. Many oral Streptococcus spp. are known to produce anti-microbial 67 

substances, including hydrogen peroxide (H2O2) in aerobic conditions. Therefore, any bacterium 68 

adjacent to these Streptococcus sp. aerobically would need to have adapted the ability to 69 

withstand H2O2 (L. Zhu and Kreth 2012; Ramsey, Rumbaugh, and Whiteley 2011). Thus, H2O2 70 

production by Streptococcus spp. can be an important mechanism driving community 71 

composition and spatial arrangement. H2O2 produced by S. pneumoniae has been 72 

demonstrated to inhibit growth of the respiratory tract pathogens Moraxella catarrhalis, 73 

Neisseria meningitidis and H. influenzae (Pericone et al. 2000), and mechanisms of responding 74 

to H2O2 have been established for many species including H. influenzae (Harrison, Bakaletz, 75 

and Munson 2012) but not H. parainfluenzae. Likewise, most Streptococcus sp. also produce 76 

lactic acid as a metabolic end product of carbohydrate fermentation (Kreth, Merritt, and Qi 2009) 77 

which can support the growth of some species (van der Hoeven, Toorop, and Mikx 1978; Mikx 78 

and Van der Hoeven 1975) while excluding others (Mashimo et al. 1985). The ability of 79 

Streptococcus sp. to rapidly consume high-energy carbohydrates while producing lactic acid 80 

and H2O2 provides it with a competitive advantage and it is currently unknown how H. 81 

parainfluenzae tolerates these stresses or how this relates to its existence in vivo.  82 

 83 

Here we demonstrate that predicted associations between H. parainfluenzae and Mitis group 84 

streptococci occur in vivo as reflected in microscopy analysis of ex vivo samples. We further 85 

show that S. mitis can kill H. parainfluenzae by H2O2 production in a dose-dependent manner 86 

which is reflected in vivo with an apparent density-dependent association between the two taxa. 87 

We also observed that the sole catalase gene product of H. parainfluenzae plays only a minor 88 

role in H2O2 resistance, in contrast to other catalase-positive species including H. influenzae 89 

(Juneau et al. 2015; Bishai et al. 1994). We then assessed the contribution of several gene 90 

products that provide H2O2 resistance revealing that they too provide only modest levels of 91 

protection, suggesting a redundant, multifactorial mechanism in H2O2 resistance. Despite this 92 

antagonism, H. parainfluenzae repeatedly was found directly adjacent to Streptococcus sp. in 93 

vivo which is supported by our finding that Mitis group streptococci are substantial producers of 94 

NAD which H. parainfluenzae cannot synthesize on its own nor obtain from host saliva. 95 

Comparisons of in vitro interaction data with in vivo metatranscriptome studies reveal H. 96 

parainfluenzae changes in carbon source utilization and other behaviors indicating that these 97 

are likely due to interactions with Mitis group members in vivo. These results provide a robust 98 
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characterization of H. parainfluenzae’s role in the oral microbiota and reveal ways it has evolved 99 

to exist alongside streptococci in the oral cavity and likely beyond. This study details interactions 100 

between two prominent members of a complex natural biofilm community and allow us to 101 

demonstrate highly detailed mechanisms of interaction that help drive micron-scale 102 

arrangements between these organisms that is likely conserved in other host sites where they 103 

overlap.  104 

  105 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2020. ; https://doi.org/10.1101/2020.09.29.318816doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.29.318816
http://creativecommons.org/licenses/by-nc-nd/4.0/


Results 106 

 107 

H. parainfluenzae co-occurs with S. mitis and related streptococci in human 108 

supragingival plaque  109 

 110 

H. parainfluenzae is one of the most abundant species in healthy supragingival plaque (Eren et 111 

al. 2015). To study multispecies interactions of H. parainfluenzae with healthy oral commensals, 112 

we needed to determine which species it was most likely to interact with. To examine this, we 113 

used species-specific microbiome data from a 117 subjects sampled by the Human Microbiome 114 

Project (HMP) to predict species-species interactors with H. parainfluenzae (Fig. 1). A re-115 

analysis of HMP species-assigned metagenomic data indicated that H. parainfluenzae is an 116 

abundant and prevalent member of SUPP detected in all 117 subjects averaging 7.6% relative 117 

abundance based on sequence reads (Fig. 1). We compared the upper quartile (n=29) of these 118 

subjects ranked by highest H. parainfluenzae abundance to the remainder of subjects (n=88) 119 

via LEfSe analysis (Segata et al. 2011) to determine which species were significantly likely to 120 

co-occur with H. parainfluenzae (Fig. 1). Interestingly, this indicated that individuals enriched in 121 

H. parainfluenzae also have an abundance of Streptococcus sp. especially those belonging to 122 

the Mitis group. This includes the species S. australis, S. infantis, S. pneumoniae, S. oralis, S. 123 

peroris, and S. mitis. We therefore decided to investigate H. parainfluenzae interactions with S. 124 

mitis as a representative of the Mitis group in order to examine the mechanisms of taxon-taxon 125 

interactions.  126 

 127 

Species-specific FISH demonstrates frequent H. parainfluenzae - S. mitis co-proximity 128 

 129 

Within the supragingival plaque, S. mitis and related streptococci are a frequent feature of H. 130 

parainfluenzae's micron-scale environment. Visualizing these species with FISH probes showed 131 

that most H. parainfluenzae in supragingival plaque are located within a few micrometers of 132 

cells labeled with a probe that hybridizes with S. mitis, S. oralis, and S. infantis (Fig. 2, Table 3, 133 

hereafter referred to as “S. mitis”). The median distance separating a H. parainfluenzae cell 134 

from the nearest S. mitis cell is 1.14 μm, and 92% of H. parainfluenzae cells in the plaque 135 

images fall within 10 μm of the nearest S. mitis cell (Fig. 2A). Due to the proximity of these taxa, 136 

H2O2 and other inhibitory or promotive compounds excreted by S. mitis could reasonably be 137 

expected to perfuse the substrate in which most H. parainfluenzae grow. 138 

 139 

The effect of each species on the growth of the other in vivo is likely to be reflected in the 140 

micron-scale spatial organization of the taxa relative to one another.  We used image analysis 141 

with the method of linear dipoles (Daims, Lücker, and Wagner 2006; Daims and Wagner 2011) 142 

to evaluate the spatial cross-correlation between the taxa. For dipole lengths ranging from 1 to 143 

39 μm, the pair correlations did not significantly differ from the case of random distribution (Fig. 144 

S1). This result indicates that when H. parainfluenzae is present within a region of plaque, it is 145 

randomly distributed with respect to S. mitis. For both the very shortest (0.15 to 0.6 μm) and 146 

longest (39.3 to 90.15 μm) dipole lengths, the two species had a significantly negative 147 

correlation (p < 0.05). The former would be expected due to the effect of spatial exclusion as 148 

multiple cells cannot occupy the same space in a single focal plane. The latter is consistent with 149 

the observed occurrence of regions of plaque without either taxon. 150 

 151 

In contrast to the apparently random distribution of H. parainfluenzae with respect to S. mitis 152 

across entire images, areas with the highest densities of S. mitis showed a reduced density of 153 

H. parainfluenzae. To assess the spatial organization of the two taxa in regions of high S. mitis 154 

density, we divided images into 6.64 μm by 6.64 μm blocks and compared the local densities of 155 

both taxa at this resolution. The mean density of H. parainfluenzae increases as the percent of a 156 
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block covered by S. mitis increased from 0 to around 20% (Fig. S1).  This trend is likely due, at 157 

least in part, to the effect of variation within the overall quantity of plaque in each block because 158 

the density of each taxon has a positive linear relationship with the overall plaque density. As 159 

the density of S. mitis increases above 20%, however, the mean H. parainfluenzae density 160 

decreases. While the mean H. parainfluenzae densities for blocks with S. mitis densities greater 161 

than 25% have a high degree of error, a qualitative assessment of the plaque images with the 162 

highest density clumps of S. mitis supports the conclusion (Fig. 2C,D). The finding that the 163 

mean density of H. parainfluenzae begins to decline once the S. mitis densities exceeded a 164 

threshold value suggests a S. mitis-density-dependent inhibitory effect on H. parainfluenzae 165 

growth.  Given that both microbiome sequencing and microscopy imaging of in vivo 166 

supragingival plaque samples indicate significant co-occurrence and co-proximity between H. 167 

parainfluenzae and S. mitis (Figs. 1,2), it is important to determine the mechanisms that dictate 168 

these observations. 169 

 170 

S. mitis eliminates H. parainfluenzae via production of H2O2 171 

 172 

We used a reductionist approach to investigate the growth of each organism in vitro in close 173 

proximity via a colony biofilm model (Merritt, Kadouri, and O’Toole 2005; Ramsey et al. 2016).  174 

We inoculated H. parainfluenzae and S. mitis in mono and coculture on a BHIYE-HP agar plate 175 

for 24 hours and then measured growth yields by CFU counts. Cocultures inoculated at equal 176 

densities revealed that S. mitis strongly reduced H. parainfluenzae numbers (Fig. 3) nearly 100-177 

fold below inoculum density, indicating active killing. This effect is dose-dependent as we 178 

observed when inoculums of S. mitis were either equivalent or 3-fold greater than H. 179 

parainfluenzae there was a significant reduction in the growth yield of H. parainfluenzae 180 

compared to monoculture. However, when S. mitis inoculum was 10-fold lower than H. 181 

parainfluenzae, there was no significant change in growth yield compared to monoculture 182 

 183 

This dose-dependent reduction was abolished when H. parainfluenzae was cocultured with a 184 

strain of S. mitis lacking pyruvate oxidase (ΔspxB) and unable to produce H2O2. Figure 3 185 

demonstrates that H. parainfluenzae growth yield when cocultured with ΔspxB is not 186 

significantly different from monoculture at any ratio tested, indicating that S. mitis-produced 187 

H2O2 is responsible for H. parainfluenzae inhibition. Additionally, H. parainfluenzae was unable 188 

to grow in supernatants of S. mitis culture unless pre-treated with exogenous catalase (data not 189 

shown), further supporting the finding that H2O2 production limits H. parainfluenzae growth in 190 

these conditions. Therefore, while our ex vivo data shows co-occurrence/co-proximity between 191 

these taxa and suggests a S. mitis-density-dependent association, our in vitro coculture data 192 

suggests that H2O2 toxicity can limit these interactions.                       193 

 194 

Individual H2O2 sensitive genes do not affect the fitness of H. parainfluenzae in coculture 195 

with S. mitis 196 

 197 

Given that our ex vivo data suggests that H. parainfluenzae has co-evolved in proximity to H2O2-198 

producing Streptococci, we decided to investigate the involvement of known H2O2 relevant gene 199 

products present on the H. parainfluenzae genome by constructing gene deletions and 200 

assessing fitness after H2O2 exposure. H. parainfluenzae possesses an oxyR coding sequence 201 

whose gene product is the global transcriptional regulator that responds to H2O2 in many 202 

species. Also present is a single catalase gene (katA) shown to be essential for H2O2 resistance 203 

in H. influenzae (Bishai et al. 1994). Additionally, H. parainfluenzae possesses a cytochrome-C 204 

peroxidase (ccp), crucial for peroxide resistance in other Pasteurellaceae (Takashima and 205 

Konishi 2008), Campylobacter jejuni (Ishikawa et al. 2003), as well as H. influenzae (Wong et al. 206 

2007). We also made deletions of the peroxiredoxin (prx), peroxiredoxin-glutaredoxin (pdgX) 207 
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and glucose-6-phosphate dehydrogenase (g6p) genes that are known to contribute to oxidative 208 

stress protection in H. influenzae and other species (Juneau et al. 2015; Izawa et al. 1998; 209 

Lundberg et al. 1999; Perkins et al. 2015).  210 

 211 

We quantified changes in H2O2 resistance for each mutant using a zone of inhibition assay (Fig. 212 

4A). The largest increase in sensitivity as expected was observed following deletion of oxyR, 213 

while all other individual gene deletion mutants demonstrated more modest sensitivities to H2O2. 214 

Double mutants for katA and ccp demonstrated more significant increases in sensitivity vs 215 

individual gene mutants indicating a combinatorial effect of H2O2 protective gene products. 216 

Surprisingly, MIC concentrations for many of these genes were nearly identical (Table S1) 217 

indicating that the individual contributions of these gene products to H2O2 tolerance are too 218 

minimal for MIC assay resolution. We next tested the fitness of each mutant in coculture with 219 

H2O2-producing S. mitis (Fig. 4B). While OxyR was shown to be essential for H. parainfluenzae 220 

survival in coculture, deletion of individual genes typically controlled by OxyR showed no 221 

significant difference when compared to wildtype which contrasts greatly to similar mutants in H. 222 

influenzae (katA) (Bishai et al. 1994) and other species. However, the ΔkatA+Δccp mutants’ 223 

growth yield was significantly inhibited in S. mitis coculture indicating an additive effect of these 224 

gene products on H2O2 resistance. These data demonstrate that the mechanism of H. 225 

parainfluenzae resistance to H2O2 involves a complex multifactorial system unlike H. influenzae 226 

that is under further investigation by our group. 227 

 228 

H2O2 detoxification by H. parainfluenzae supports S. mitis growth 229 

 230 

Cocultures revealed that H. parainfluenzae increased the growth yield of S. mitis 162-fold when 231 

at equal ratios (Fig. S2A). Because streptococci can limit their own growth due to H2O2 232 

accumulation (Xu, Itzek, and Kreth 2014), we hypothesized that H. parainfluenzae increases the 233 

growth of S. mitis via H2O2 detoxification. To test this hypothesis we compared mono and 234 

coculture yields following the addition of (20 U/ml) exogenous catalase (Fig. S2B). We observed 235 

that the 162-fold growth benefit for S. mitis was decreased to only 16-fold when catalase was 236 

added indicating that H. parainfluenzae H2O2 detoxification accounts for the majority of S. mitis’ 237 

coculture benefit. This is further demonstrated by the inability of H. parainfluenzae ΔoxyR to aid 238 

S. mitis growth (Fig. S2A). Using the S. mitis ΔspxB strain which is unable to produce H2O2 we 239 

also observed a more modest growth benefit in coculture compared to its wild-type (Fig. S2C). 240 

Just as S. mitis density affected H. parainfluenzae growth yield (Fig. 3) we also observed that H. 241 

parainfluenzae density also affected S. mitis growth yield. When S. mitis / H. parainfluenzae 242 

ratios were 1:1 or less, S. mitis growth yield was greater vs monoculture (Fig. S2C). These data 243 

indicate that H2O2 detoxification by H. parainfluenzae provides the majority of S. mitis growth 244 

enhancement so long as S. mitis density is not too high. 245 

 246 

S. mitis and other Streptococcus sp. support H. parainfluenzae growth  247 

 248 

Like other Haemophilus sp., H. parainfluenzae is a NAD auxotroph and must exist in 249 

environments where NAD, nicotinamide mononucleotide (NMN) or nicotinamide riboside (NR) 250 

are supplied by the host or other microorganisms (Cynamon, Sorg, and Patapow 1988). We 251 

determined that sterile human saliva supplemented with glucose was unable to support H. 252 

parainfluenzae growth unless NAD was added (data not shown) suggesting that adjacent 253 

microbes are an important source of NAD for H. parainfluenzae in the oral cavity. As 254 

Corynebacterium and Streptococcus are two of the most abundant genera in tooth plaque we 255 

tested the ability of species from both genera to complement NAD auxotrophy. While 256 

supernatants of all species tested supported modest growth (data not shown), spot assays 257 
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using actively growing cells in close proximity to H. parainfluenzae lawns on agar plates lacking 258 

NAD showed robust growth of H. parainfluenzae adjacent to S. mitis and S. sanguinis but no 259 

other taxa (Fig. 5). These data suggest that H. parainfluenzae can obtain NAD specifically from 260 

these two taxa when they are in close proximity. It is interesting that the two species that 261 

significantly correlate with H. parainfluenzae in microbiome data (Fig. 1) enhance its growth 262 

most strongly in the absence of NAD.  263 

 264 

In vitro transcriptional responses of H. parainfluenzae to S. mitis 265 

To further examine the mechanisms of interaction that take place between these two species, 266 

we investigated the transcriptional responses of H. parainfluenzae when cocultured with S. mitis 267 

aerobically. S. mitis transcriptional responses to H. parainfluenzae are the focus of a separate 268 

study. We observed 387 H. parainfluenzae significantly differentially expressed genes greater 269 

than 2-fold in coculture (Appendix 1), compared to monoculture. Interestingly, we did not 270 

observe an increase in H. parainfluenzae catalase in coculture; however, based on transcript 271 

abundance catalase appeared to be well expressed in mono and coculture conditions. Among 272 

genes that are typically involved in oxidative stress responses, dps had a 2.2-fold increase in 273 

coculture, suggesting that H. parainfluenzae is sequestering free intracellular Fe2+, potentially to 274 

prevent oxidative damage. Surprisingly however, a number of other genes involved in H2O2 275 

were repressed in coculture, including ccp, pdgX, thioredoxin (trxA), glutaredoxin (grx) and thiol 276 

peroxidase (tsa), demonstrating the complex nature of the oxidative stress response in this 277 

species.    278 

 279 

Stress responses other than oxidative were revealed by transcriptome data from H. 280 

parainfluenzae in coculture, likely due to H2O2–related damage by S. mitis. There was a 2.6-fold 281 

increase in expression of the hfq chaperone encoding gene, a 2.7-fold increase in Universal 282 

stress protein E (uspE) and a 2-fold decrease in the repressor lexA. LexA is involved in the 283 

repression of genes involved in the SOS response of E. coli (Kamenšek et al. 2010). Hfq is 284 

known to be involved in the stress responses of many species (Deng et al. 2016; Fantappiè et 285 

al. 2009). Paralogs of the Universal stress proteins including uspE, are known to be involved in 286 

response to DNA damage (Gustavsson, Diez, and Nyström 2002). Genes likely involved in DNA 287 

repair are also induced in coculture including those encoding DNA ligase (5.4-fold), 288 

exodeoxyribonuclease V beta chain (2.4-fold) and endonuclease V (2.7).  289 

 290 

Streptococcus spp. are known to rapidly consume carbohydrates, and transcriptional data 291 

suggest that H. parainfluenzae in coculture switches from carbohydrate consumption to 292 

alternative sources of carbon and energy. There was increased expression of genes suggesting 293 

the breakdown of glycerophospholipids resulting in the uptake and utilization of glycerol, 294 

including the predicted extracellular patatin-like phospholipase (2.5-fold), lysophospholipase L2 295 

(3.8-fold), glycerol uptake facilitator protein (5.3-fold), glycerol kinase (3.4-fold), and a fatty acid 296 

degradation regulator (2.1-fold). Additionally, there was an increase in expression of fructose 297 

1,6 bisphosphatase (2.8-fold), indicating an active gluconeogenesis pathway, consistent with H. 298 

parainfluenzae growth on 3-carbon intermediates such as glycerol. There was also evidence of 299 

the uptake and catabolism of the sialic acid, N-acetylneuraminic acid as suggested by an 300 

increase in expression of SHS family sialic acid transporter (2-fold), sialic acid utilization 301 

regulator (3.6-fold), N-acetylneuraminate lyase (2-fold), N-acetylmannosamine kinase (3.8-fold), 302 

and N-acetylmannosamine-6-phosphate 2-epimerase (3.1-fold). Lastly, there was an increase in 303 

the expression of genes involved in the oligopeptide transport system, oppA (3-fold), oppB (2.2-304 

fold), oppC (2.3-fold), oppD (2.7-fold), and oppF (2.4-fold). These data together suggest uptake 305 

of alternate carbon and energy sources in coculture.   306 

  307 
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In vivo transcriptional responses of H. parainfluenzae vs in vitro  308 

We hypothesized that in vivo gene expression of H. parainfluenzae is substantially impacted by 309 

S. mitis due to their in vivo proximity (Fig. 2) and that our in vitro coculture data may be 310 

predictive of H. parainfluenzae behavior in vivo. To quantify this, we compared our in vitro 311 

monoculture H. parainfluenzae transcriptomes to two separate in vivo metatranscriptome 312 

datasets from dental plaque (Espinoza et al. 2018; Jorth et al. 2014). We aligned each 313 

metatranscriptome to the H. parainfluenzae genome to generate a dataset of H. parainfluenzae 314 

transcription within the complex plaque biofilm. Espinoza et al. (2018) quantified meta-315 

transcriptomes of supragingival plaque in health vs disease, and when we compared the healthy 316 

samples to our in vitro monoculture we observed differential expression of 496 H. 317 

parainfluenzae genes greater than 2-fold. We then compared these genes to our in vitro S. mitis 318 

coculture revealing an overlap of 22 genes that were upregulated in both conditions compared 319 

to monoculture (Fig. 6A), suggesting that the expression of these genes in vivo is due to 320 

interactions with S. mitis. Interestingly, genes involved in glycerol catabolism and 321 

gluconeogenesis were upregulated in vivo and in in vitro coculture (Table S2). Among the 40 322 

genes downregulated in vivo and in in vitro cocultures was ccp as well as genes involved in 323 

methionine metabolism, stringent response, metal transport genes, and fur (Table S3). 324 

Repeating the same process with the Jorth et al. (2014) metatranscriptome dataset revealed an 325 

overlap of 90 upregulated genes (Fig. 6A). Again, this included genes involved in glycerol 326 

catabolism and gluconeogenesis shared between all in vitro coculture and in vivo conditions. 327 

These upregulated genes also included several involved in cell stress, DNA damage/repair 328 

related pathways, and peptide/oligopeptide transport (Table S4). Among the 55 genes that were 329 

downregulated in this comparison were genes known to be involved in oxidative stress including 330 

trxA, tsa, and again genes involved in methionine metabolism and the stringent response (Table 331 

S5). Comparing gene expression patterns shared between all 3 datasets (in vitro coculture and 332 

both in vivo metatranscriptomes) we observed that 18 genes were mutually upregulated 333 

including genes involved in glycerol catabolism, gluconeogenesis, and pili biogenesis (Table 334 

S6). We also observed 22 genes that were mutually downregulated including those involved in 335 

stringent response, methionine metabolism, and fur (Table S7, Fig. 6B).  336 

These data suggest that some aspects of H. parainfluenzae transcriptional response in the 337 

complex biofilms found in plaque can be recapitulated in an in vitro coculture with S. mitis, which 338 

includes a shift away from hexose sugar metabolism. One notably absent overlap between in 339 

vitro cocultures vs either in vivo dataset was the upregulation of genes involved in lactate 340 

oxidation observed in vivo. Since most Streptococcus sp. produce lactate as a metabolic end 341 

product (Kreth, Merritt, and Qi 2009), many oral taxa have evolved the ability to utilize lactate as 342 

a carbon source. This suggests that H. parainfluenzae metabolizes lactate in vivo, which it does 343 

not do in coculture indicating that further carbon source competition and crossfeeding is likely 344 

occurring in vivo that did not occur in our in vitro coculture on complex medium. In summary, our 345 

hypothesis was not borne out in that only a small subset of genes were upregulated in both the 346 

co-culture and the ex vivo sample. However, the analysis pinpointed interesting commonalities 347 

(use of more complex energy sources) and differences (evidence for more complex cross-348 

feeding in the ex vivo samples).   349 
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Discussion 350 

 351 

Naturally occurring biofilms are often incredibly diverse, complex polymicrobial communities. 352 

One such biofilm is human supragingival plaque (SUPP) attached to the tooth surface. This 353 

community serves as an excellent site for the study of biofilms and bacterial interactions as its 354 

composition and structure are well defined and the majority of species found in this community 355 

are cultivable with many being genetically tractable. We chose to study interactions within 356 

healthy host microbial communities to gain a better understanding of them which may lead to 357 

methods on how to preserve the structure and composition of these communities to prevent 358 

dysbiosis and/or colonization by external pathogens. While the behavior of individual species in 359 

vivo can be inferred from metatranscriptome data we know little about which species might 360 

influence one another or by what mechanism(s). Here we detail a reductionist study of one 361 

series of interactions between prominent healthy SUPP bacterial species that has potential 362 

relevance to multiple host sites.  363 

 364 

Both Haemophilus parainfluenzae and Mitis group streptococci are highly abundant and 365 

prevalent species within the healthy human oral microbiota, especially in SUPP (Eren et al. 366 

2014; Human Microbiome Project Consortium 2012), where we show positive correlations 367 

between them (Fig. 1). We chose H. parainfluenzae and Streptococcus mitis to use in a 368 

reductionist approach to ascertain their in vitro interactions to compare to in vivo. One concern 369 

was that while these species coexist in SUPP it is unknown if they exist in close enough 370 

proximity for interaction. Our findings demonstrated that these taxa are often found directly 371 

adjacent in vivo (Fig. 2) and that streptococci seemingly exclude H. parainfluenzae above a 372 

certain density. This density dependent exclusion also mimicked our in vitro findings (Fig. 3) 373 

revealing its dependence on S. mitis H2O2 production. 374 

 375 

Streptococci H2O2 production is thought to provide a competitive advantage in vivo and presents 376 

a source of stress that coexisting bacterial species must tolerate. We and others (Redanz et al. 377 

2018; L. Zhu and Kreth 2012; B. Zhu et al. 2019; L. Zhu and Kreth 2012; Liu et al. 2011) have 378 

previously shown potential adaptive responses of bacterial species to streptococci-produced 379 

H2O2 and investigated H. parainfluenzae’s as well (Fig. S1). We discovered a multifactorial, 380 

highly redundant oxidative stress response that differs from other closely related species, 381 

particularly H. influenzae. H. parainfluenzae possesses oxyR whose gene product upregulates 382 

expression of genes that encode catalase and other H2O2 resistance related proteins. We 383 

demonstrated that while loss of OxyR caused a significant increase in H2O2 sensitivity, loss of 384 

catalase or other individual gene products that often provide H2O2 resistance did not (Fig. 4A) 385 

which directly contrasts the significant importance of catalase in H. influenzae, whose deletion 386 

leads to its inability to survive high concentrations of H2O2 (Juneau et al. 2015; Bishai et al. 387 

1994). We also observed that impaired H2O2 stress responses by H. parainfluenzae led to a 388 

decrease in fitness of S. mitis in in vitro coculture (Fig. 4B) and when H. parainfluenzae H2O2 389 

detoxification was substituted with exogenous catalase we also saw a considerable growth 390 

benefit to S. mitis (Fig. S2). However, we also observed that H. parainfluenzae still further 391 

increased S. mitis yield, even when exogenous catalase was present. These and our in vivo 392 

microscopy data suggest further mutual benefit between these species beyond H2O2 responses.  393 

 394 

Unexpectedly, H. parainfluenzae was unable to obtain enough NAD to grow from host saliva 395 

which bathes the SUPP environment where it resides. We demonstrated that abundant oral 396 

Corynebacterium spp. were also unable to complement H. parainfluenzae’s NAD auxotrophy yet 397 

Mitis group streptococci could do so (Fig. 5). Given their close proximity in SUPP and overlap in 398 

other body sites, Streptococcus sp.-produced NAD could therefore be an important determinant 399 

of H. parainfluenzae’s ability to survive and colonize various sites of the human body. It is 400 
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interesting to note that both H. parainfluenzae and S. mitis are found as commensals not just in 401 

the same sites of the human oral cavity (Mark Welch, Dewhirst, and Borisy 2019), but also in 402 

other sites in the nasopharynx (Könönen et al. 2002; Kosikowska et al. 2016). When cocultured 403 

with S. mitis in vitro, H. parainfluenzae transcriptomes indicated a shift from carbohydrate 404 

consumption to alternative sources of carbon and energy including glycerophospholipids, sialic 405 

acid, oligopeptides, and the initiation of gluconeogenesis, consistent with growth on short 406 

carbon chain compounds. Downregulation in coculture of genes involved in the stringent 407 

response also suggest new access to peptides. When comparing the H. parainfluenzae 408 

coculture in vitro transcriptome to in vivo SUPP metatranscriptomes (Fig. 8) we observed similar 409 

regulation of these same carbon source pathways. These data coupled to our in vivo 410 

observations of direct proximity, strongly suggest that S. mitis induces these same behaviors in 411 

H. parainfluenzae in vivo that we observed in vivo and highlights the utility of this reductionist 412 

mechanistic study. One notable pathway absent from our in vitro cocultures was lactate 413 

oxidation which has previously been shown to be critical for co-infection between organisms 414 

with Streptococcus spp. by cross-feeding on this fermentation product (Ramsey, Rumbaugh, 415 

and Whiteley 2011). In vivo, metatranscriptome data indicated that H. parainfluenzae was also 416 

upregulating lactate oxidation gene products which would be expected in the more diverse, 417 

competitive SUPP environment compared to in vitro coculture alone.   418 

 419 

Currently, there is a wealth of information and techniques available to study the composition and 420 

structure and overall gene expression of complex naturally occurring biofilms. However, specific 421 

mechanisms of interaction within these complex environments remain elusive and are worthy of 422 

study as a means to identify potential routes to keep these complex communities intact which 423 

may benefit associated host(s) or the environment. We chose two highly abundant and 424 

prevalent species within the human supragingival plaque biofilm and discovered mechanisms 425 

responsible for their micron-scale distribution within this environment while also revealing 426 

additional factors at play in the in vivo community. This study demonstrates that H. 427 

parainfluenzae co-localizes with Mitis group streptococci in supragingival plaque and that this 428 

co-existence is dependent on the relative densities of each taxon. We demonstrate that this 429 

density-dependent exclusion of H. parainfluenzae is due to the production of H2O2. The 430 

response of H. parainfluenzae to H2O2 appears unique compared to other Haemophilus sp. 431 

responses as a more redundant system where catalase and other gene products provide an 432 

equally modest level of protection. H. parainfluenzae H2O2 detoxification supports the growth of 433 

S. mitis, while S. mitis supports the growth of H. parainfluenzae by providing NAD. While our 434 

work focuses on supragingival plaque, these observations likely translate to other aerobic sites 435 

where these organisms frequently overlap. We report here for the first time several mechanisms 436 

that underlie the coexistence between these two species which are highly abundant and 437 

prevalent in the human host as part of a diverse biofilm to provide a starting point for further 438 

study of this community and its relevance to host health.  439 

 440 

  441 
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Figures and Legends 442 

 443 

 444 
Figure 1: Read abundance data and predicted correlations between taxa in supragingival 445 

plaque. Human Microbiome Project (HMP) metagenome data of supragingival plaque was used 446 

to plot the relative abundance and prevalence of species of interest including Haemophilus 447 

parainfluenzae (red), several Mitis group streptococci and all remaining Streptococcus spp. 448 

(dark grey). (Top Right) The top 25% of subjects based on H. parainfluenzae abundance were 449 

compared to the remainder via LEfSe analysis. Shown are species enriched in this comparison 450 

above an LDA score ≤ -3.0.  451 

 452 

 453 

 454 
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 455 
Figure 2. H. parainfluenzae distribution is related to the density of S. mitis in vivo (A) 456 

Histogram of the distance to the nearest S. mitis cell, measured edge-to-edge, from each of the 457 

37,591 H. parainfluenzae cells in 41 fields of view. (B) Pair correlations between H. 458 

parainfluenzae and S. mitis cells. The lighter lines represent the bounds of the 95% confidence 459 

interval for the correlation values. The dashed line represents the null hypothesis: the pair 460 

correlation equals one. n = 41 fields of view. (C) Plaque with sparsely distributed H. 461 

parainfluenzae (cyan). (D) Plaque with high abundances of both S. mitis (magenta) and H. 462 

parainfluenzae. (i) Most H. parainfluenzae cells are within a few microns of the nearest S. mitis 463 

cell. Generally, H. parainfluenzae are randomly distributed with respect to S. mitis. (ii) H. 464 

parainfluenzae avoids the highest densities of S. mitis. Scale bars indicate 10 µm. 465 

 466 

 467 

  468 
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 470 

Figure 3: H. parainfluenzae growth is inhibited by Streptococcus mitis produced H2O2 in 471 

a dose dependent manner. H. parainfluenzae (Hp) CFU counts in mono and coculture with 472 

wildtype (Sm) or a pyruvate oxidase mutant (𝛥spxB) of S. mitis. Hp had an initial inoculum using 473 

10µL at an OD600 of 1, which corresponds to 4.65x106 CFU/ml. Wildtype (Sm) and S. mitis 474 𝛥spxB with initial inoculums using 10µL at an OD600 of either 0.1, 1 or 3 which corresponds to 475 

an average of 2.45x105, 1.55x106 or 3.45x106 CFU/ml. Data are mean CFU counts with error 476 

bars indicating standard deviation for n≥3. *denotes p< 0.001 using a Student's t-test compared 477 

to monoculture. 478 

 479 

 480 

 481 

 482 

 483 
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 484 

Figure 4: H. parainfluenzae resistance to H2O2 relies on the contribution of multiple 485 

genes. We assessed the sensitivity of wildtype H. parainfluenzae (WT) to H2O2 or coculture 486 

yield with S. mitis vs mutants lacking oxyR, catalase (katA), cytochrome c peroxidase (ccp), 487 

peroxiredoxin (prx), glutaredoxin-peroxiredoxin (pdgX), DNA-binding protein from starved cells 488 

(dps) and glucose-6-phosphate dehydrogenase (g6p). (A) We spotted 5µL of 30% H2O2 on a 489 

paper disk on an agar plate lawn of H. parainfluenzae. Zones of inhibition (areas of no visible H. 490 

parainfluenzae growth) were measured after 24 hours and fold change calculated compared to 491 

wildtype. Data are the mean fold change relative to WT; error bars indicate standard deviation 492 

for n≥3. All strains were significantly different from WT, while 𝛥katA-𝛥ccp was significantly 493 

different from 𝛥katA (padj < 0.05), based on t-test with Bonferroni correction. (B) WT and mutant 494 

H. parainfluenzae CFU following 24h coculture with S. mitis. H. parainfluenzae inoculums were 495 

4.65 x106 CFU/ml. S. mitis inoculum was 2.45x105 CFU/ml. Data are represented as mean CFU, 496 

error bars indicate standard deviation for n≥3. *denotes p< 0.05 by Student's t-test compared to 497 

monoculture.   498 

 499 

 500 
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 503 

 504 

 505 
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 510 

 511 

 512 

 513 

Figure 5: Streptococcus-produced Nicotinamide Adenine Dinucleotide (NAD) supports H. 514 

parainfluenzae growth. Cultures of S. mitis, S. sanguinis, S. gordonii, S. cristatus, 515 

Corynebacterium matruchotii and C. durum were grown overnight, normalized based on optical 516 

density, and spotted onto paper discs over lawns of H. parainfluenzae spread on solid agar 517 

medium lacking NAD. Plates were incubated for 48h before growth was observed. Lighter rings 518 

close to the disc indicate H. parainfluenzae growth. NAD+ indicates addition of 11 mM NAD as 519 

a positive control.  520 

 521 
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 530 
Figure 6: Comparison of coculture gene expression with meta-transcriptome datasets. 531 

Our mono vs coculture RNASeq results (in vitro) for H. parainfluenzae indicated 387 532 

significantly differentially expressed genes (DEG) above 2-fold. By comparing in vitro 533 

monoculture to in vivo metatranscriptome reads from Espinosa 2018 (Meta 1) and Jorth 2014 534 

(Meta 2) we were able to generate two sets of in vivo-specific DEGs to determine differences in 535 

(A) significantly upregulated or (B) significantly downregulated genes shared between in vitro 536 

coculture and in vivo conditions.  537 

 538 

  539 
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Materials and Methods 540 

 541 

Strains and Media 542 

Strains and plasmids used in this study are listed in Table 1. Unless indicated, Streptococcus 543 

mitis was cultured using Brain Heart Infusion (BHI) broth or solid agar supplemented with Yeast 544 

extract (YE), Haemophilus parainfluenzae had additional supplementation with 14µg/ml 545 

Nicotinamide Adenine Dinucleotide (Sigma-Aldrich) and 14µg/ml Hemin (Sigma-Aldrich) - (BHI-546 

YE-HP).  Escherichia coli was grown on Luria Broth (LB). H. parainfluenzae and S. mitis were 547 

grown at 37℃ and 5% CO2, E. coli at 37℃ in standard atmospheric conditions with liquid 548 

cultures shaken at 200 RPM. Antibiotics were used at the following concentrations: Kanamycin 549 

40µg/ml, Vancomycin 5µg/ml, and Spectinomycin 50µg/ml for E. coli, 200µg/ml for H. 550 

parainfluenzae.  551 

 552 

Table 1: Strains and plasmids used in this study 553 

 554 

 
Plasmids 

Identifier  
Host 

 
Details 

 

pDP863K MR0203 NEB5-ɑ pMRKO (Ramsey et al., 2011) derivative used for 
the deletion of the katA gene in H.parainfluenzae 
via allelic exchange 

 

pDP865K MR0259 NEB5-ɑ pMRKO derivative used for the deletion of the 
oxyR gene in H.parainfluenzae via allelic 
exchange 

 

pDP801K MR0275 NEB5-ɑ A pMRKO derivative used for the deletion of the 
ccp gene in H.parainfluenzae via allelic exchange 

 

pDP111K MR0307 NEB5-ɑ A pMRKO derivative used for the deletion of the 
g6p gene in H.parainfluenzae via allelic exchange 

 

pDP821K MR0314 NEB5-ɑ A pMRKO derivative used for the deletion of the 
pdgx gene in H.parainfluenzae via allelic 
exchange 

 

pEAKO MR0254 NEB5-ɑ pMRKO containing a sacB cassette used in 
generating clean deletion vectors  

 

pKC865K MR0323 NEB5-ɑ A pEAKO derivative used for the deletion of the 
prx gene in H.parainfluenzae via clean deletion 

 

pDP863C MR0339 NEB5-ɑ A pEAKO derivative used for the deletion of the 
katA gene in H.parainfluenzae via markerless 
deletion. 

 

Species  Strain   

E. coli  NEB5-ɑ Cloning strain (New England Biolabs)  
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E. coli MR0142 MFD-pir  Donor strain (Ferrières et al. 2010), 
Diaminopimelic acid auxotroph.  

Haemophilus 
parainfluenzae 

MR0160 ATCC 
33392 

Haemophilus parainfluenzae ATCC 33392TM 
 

Haemophilus 
parainfluenzae 

MR0205 ΔkatA KatA deletion of H. parainfluenzae made via 
allelic exchange with a kanamycin resistance 
gene. 

 

Haemophilus 
parainfluenzae 

MR0266 ΔoxyR OxyR deletion of H. parainfluenzae made via 
allelic exchange with a kanamycin resistance 
gene. 

 

Haemophilus 
parainfluenzae 

MR0277 Δccp Cytochrome C Peroxidase deletion of H. 
parainfluenzae made via allelic exchange with a 
kanamycin resistance gene. 

 

Haemophilus 
parainfluenzae 

MR0312 Δg6p Glucose-6 phosphate dehydrogenase deletion of 
H. parainfluenzae made via allelic exchange with 
a kanamycin resistance gene. 

 

Haemophilus 
parainfluenzae 

MR0316 Δpdgx Peroxiredoxin/Glutaredoxin deletion of H. 
parainfluenzae made via allelic exchange with a 
kanamycin resistance gene. 

 

Haemophilus 
parainfluenzae 

MR0341 Δprx Peroxiredoxin deletion of H. parainfluenzae made 
via markerless deletion using sucrose 
counterselection. 

 

Haemophilus 
parainfluenzae 

MR0406 ΔccpkatA  Catalase and Cytochrome C peroxidase double 
deletion, constructed using the markerless 
deletion of the catalase gene in the Δccp strain of 
H. parainfluenzae.  

 

Haemophilus 
parainfluenzae 

MR0359 ΔprxkatA Peroxiredoxin and Catalase double deletion, 
constructed using the markerless deletion of the 
catalase gene in the Δprx strain of H. 
parainfluenzae.  

 

S. mitis MR0181 ATCC 
49456 

Streptococcus mitis ATCC 49456TM 
 

S. mitis MR0289 ΔspxB Pyruvate oxidase deletion of S. mitis (Treerat et 
al. 2020) 

 

 555 

 556 

 557 

 558 

 559 
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Table 2: Primers used in this study 560 

Prim
er ID 

Sequence Description Purpose 

oMR10
3 

gaaaacaataaacccttgcatatggaatTCACTGCACTACGTTTCA
TTC 

Forward 
primer for 
amplifying the 
upstream 
flanking region 
of the catalase 
gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid. 

Constructi
on of 

pDP863K 
plasmid 

oMR10
4 acctatcacctcaTGTATGAATAAATAGAGGGATAAATTTC 

 Reverse 
primer for 
amplifying the 
upstream 
flanking region 
of the catalase 
gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette from 
pMR361K 
(Narayanan et 
al. 2017) 

oMR10
5 atttattcatacaTGAGGTGATAGGTAAGATTATAC 

Forward 
primer for 
amplifying the 
kanamycin 
resistance 
cassette from 
pMR361K. 
Lowercase 
nucleotides 
overlap with 
the upstream 
flanking region 
of the catalase 
gene.  

oMR10 taaaatctgcctaTTCATATATTATATAGTCAGTACTAAAAC 
Reverse 
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6 primer for 
amplifying the 
kanamycin 
resistance 
cassette from 
pMR361K. 
Lowercase 
nucleotides 
overlap with 
the 
downstream 
flanking region 
of the catalase 
gene.   

oMR10
7 tataatatatgaaTAGGCAGATTTTAAATCTAAAAATAAAG 

Forward 
primer for 
amplifying the 
downstream 
flanking region 
of the catalase 
gene.  Lowerc
ase 
nucleotides 
overlap with 
the kanamycin 
cassette from 
pMR361K.  

oMR10
8 

tggagtcaaaacaaactagcgatcgaattcTAATTCAGTACAAGCAA
ACTC 

Reverse 
primer for 
amplifying the 
downstream 
flanking region 
of the catalase 
gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid.  

oMR25
4 

ggcatggacgagctgtacaagtagcggccgcTCGCTCAATATAGCT
GCAC 

Forward 
primer for 
amplifying the 
upstream 
flanking region 
of the oxyR 
gene. 
Lowercase 

Constructi
on of the 
pDP865K 
plasmid 
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nucleotides 
overlap with 
the pMRKO 
plasmid.  

oMR25
5 agggggatcgacctgAGGGTTCTCACTTTATAGAATATG 

Reverse 
primer for 
amplifying the 
upstream 
flanking region 
of the oxyR 
gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette from 
pMR361K.  

oMR25
6 aagtgagaaccctCAGGTCGATCCCCCTTTTC 

Forward 
primer for 
amplifying the 
kanamycin 
resistance 
cassette from 
pMR361K. 
Lowercase 
nucleotides 
overlap with 
the upstream 
flanking region 
of the oxyR 
gene.   

oMR25
7 agtctatgatgaaGAGGTGATAGGTAAGATTATACCG 

Reverse 
primer for 
amplifying the 
kanamycin 
resistance 
cassette from 
pMR361K. 
Lowercase 
nucleotides 
overlap with 
the 
downstream 
flanking region 
of the oxyR 
gene.   
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oMR25
8 tacctatcacctcTTCATCATAGACTGAGGAAAAC 

Forward 
primer for 
amplifying the 
downstream 
flanking region 
of the oxyR 
gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette from 
pMR361K.   

oMR25
9 

tgtattcacgaacgaaaatcgatgcggccgcAAGCAGGTACGATTGA
TG 

Reverse 
primer for 
amplifying the 
downstream 
flanking region 
of the oxyR 
gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette from 
pMR361K.  

oMR27
8 

ggcatggacgagctgtacaagtagcggccgCAGCGTGGTGGTTGT
AAC 

Forward 
primer for 
amplifying the 
upstream 
flanking region 
of the 
cytochrome c 
peroxidase 
gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid. 

Constructi
on of the 
pDP801K 
plasmid 

oMR27
9 agggggatcgacctgCTAATCCTCCAAACGATCAATAAAAC 

Reverse 
primer for 
amplifying the 
upstream 
flanking region 
of the 
cytochrome c 
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peroxidase 
gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette from 
pMR361K. 

oMR28
0 tttggaggattagCAGGTCGATCCCCCTTTTC 

Forward 
primer for 
amplifying the 
kanamycin 
cassette from 
pMR361K. 
Lowercase 
nucleotides 
overlap with 
the upstream 
flanking region 
of the 
cytochrome c 
peroxidase 
gene. 

oMR28
1 atcgctcaaaggaGAGGTGATAGGTAAGATTATACCG 

Reverse 
primer for 
amplifying the 
kanamycin 
cassette from 
pMR361K. 
Lowercase 
nucleotides 
overlap with 
the 
downstream 
flanking region 
of the 
cytochrome c 
peroxidase 
gene. 

oMR28
2 tacctatcacctcTCCTTTGAGCGATAAATAGAAAC 

Forward 
primer for 
amplifying the 
downstream 
flanking region 
of the 
cytochrome c 
peroxidase 
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gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette from 
pMR361K. 

oMR28
3 

tgtattcacgaacgaaaatcgatgcggccgcTAGGCGAAGATGTTTC
CAC 

Reverse 
primer for 
amplifying the 
downstream 
flanking region 
of the 
cytochrome c 
peroxidase 
gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid. 

oMR37
9 

ggcatggacgagctgtacaagtagcggccgcACTGGAGTACAGGTA
ATTTG 

Forward 
primer for 
amplifying the 
upstream 
flanking region 
of the glucose-
6- phosphate 
dehydrogenas
e gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid. 

Constructi
on of the 
pDP111K 
plasmid 

oMR38
0 atataatatatgaATTATTCCTTATTGTTCCGAG 

Reverse 
primer for 
amplifying the 
upstream 
flanking region 
of the glucose-
6- phosphate 
dehydrogenas
e gene. 
Lowercase 
nucleotides 
overlap with 
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the kanamycin 
cassette from 
pMR361K. 

oMR38
1 

aataaggaataatTCATATATTATATAGTCAGTACTAAAACAA
TTC 

Forward 
primer for 
amplifying the 
kanamycin 
cassette from 
pMR361. 
Lowercase 
nucleotides 
overlap with 
the upstream 
flanking region 
of the glucose-
6- phosphate 
dehydrogenas
e gene. 

oMR38
2 gagatattgatgaTGAGGTGATAGGTAAGATTATAC 

Reverse 
primer for 
amplifying the 
kanamycin 
cassette from 
pMR361. 
Lowercase 
nucleotides 
overlap with 
the 
downstream 
flanking region 
of the glucose-
6- phosphate 
dehydrogenas
e gene. 

oMR38
3 acctatcacctcaTCATCAATATCTCGCCTTCTTC 

Forward 
primer for 
amplifying the 
downstream 
flanking region 
of the glucose-
6- phosphate 
dehydrogenas
e gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
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cassette from 
pMR361. 

oMR38
4 

tgtattcacgaacgaaaatcgatgcggccgcAATGCTAATTGCGCCG
TC 

Reverse 
primer for 
amplifying the 
downstream 
flanking region 
of the glucose-
6- phosphate 
dehydrogenas
e gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid. 

oMR40
3 

ggcatggacgagctgtacaagtagcggccgcTCACTTGTTCACTGA
TTG 

Forward 
primer for 
amplifying the 
upstream 
flanking region 
of the pdgX 
gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid. 

Constructi
on of the 
pDP821K 
plasmid 

oMR40
4 acctatcacctcaAATGTGTCTCCTCTGTTAG 

Reverse 
primer for 
amplifying the 
upstream 
flanking region 
of the pdgX 
gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette. 

oMR40
5 gaggagacacattTGAGGTGATAGGTAAGATTATAC 

Forward 
primer for 
amplifying the 
kanamycin 
cassette. 
Lowercase 
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nucleotides 
overlap with 
the upstream 
flanking region 
of the pdgX 
gene. 

oMR40
6 

acctagcaatcaaTCATATATTATATAGTCAGTACTAAAACA
ATTC 

Reverse 
primer for 
amplifying the 
kanamycin 
cassette. 
Lowercase 
nucleotides 
overlap with 
the 
downstream 
flanking region 
of the pdgX 
gene. 

oMR40
7 

atataatatatgaTTGATTGCTAGGTAGGAAATTTTTTATATT
TTTG 

Forward 
primer for 
amplifying the 
downstream 
flanking region 
of the pdgX 
gene. 
Lowercase 
nucleotides 
overlap with 
the kanamycin 
cassette.  

oMR40
8 

tgtattcacgaacgaaaatcgatgcggccgcAGATGCTCATCCTCAA
TAAATTTC 

Reverse 
primer for 
amplifying the 
downstream 
flanking region 
of the pdgX 
gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid. 

oMR22
7 taaacccttgcatatggaattcGCCAAGCTAGACCTAGGC 

 Forward 
primer for 
amplifying the 

Constructi
on of the 
pEAKO 
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sacB gene 
from 
pK19mobsacB 
(Schäfer et al. 
1994). 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid.  

plasmid 

oMR22
8 aaacaaactagcgatcgTGCAGTTCACTTACACCG 

 Reverse 
primer for 
amplifying the 
sacB gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid.  

oMR41
8 

ggcatggacgagctgtacaagtagcggccgcAGGATGATACACTGC
TTTAAC 

Forward 
primer for 
amplifying the 
upstream 
flanking region 
of the 
peroxiredoxin 
gene. 
Lowercase 
nucleotides 
overlap with 
the pEAKO 
plasmid.  

Constructi
on of the 
pKC865K 
plasmid 

oMR41
9 

tggctttttcttaGTCATAATTCCTATATAAATGTTAATAAAAAT
TTTG 

Reverse 
primer for 
amplifying the 
upstream 
flanking region 
of the 
peroxiredoxin 
gene. 
Lowercase 
nucleotides 
overlap with 
the 
downstream 
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flanking region 
of the gene.  

oMR42
0 taggaattatgacTAAGAAAAAGCCACATTAAGTG 

Forward 
primer for 
amplifying the 
downstream 
flanking region 
of the 
peroxiredoxin 
gene. 
Lowercase 
nucleotides 
overlap with 
the upstream 
flanking region 
of the gene.  

oMR42
1 

tgtattcacgaacgaaaatcgatgcggccgcTCTACCGACTGAGCTA
AC 

Reverse 
primer for 
amplifying the 
downstream 
flanking region 
of the 
peroxiredoxin 
gene. 
Lowercase 
nucleotides 
overlap with 
the pMRKO 
plasmid.  

oMR43
8 

ggcatggacgagctgtacaagtagcggccgCATTATTACGGGATTT
ATTTAGC 

Forward 
primer for 
amplifying the 
upstream 
flanking region 
of the catalase 
gene. 
Lowercase 
nucleotides 
overlap with 
the pEAKO 
plasmid.  

Constructi
on of the 
pDP863C 
plasmid 

oMR43
9 ctataaaattgacTAACTCCTTGTATGAATAAATAGAG 

Reverse 
primer for 
amplifying the 
upstream 
flanking region 
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of the catalase 
gene. 
Lowercase 
nucleotides 
overlap with 
the 
downstream 
flanking region 
of the gene.  

oMR44
0 atacaaggagttaGTCAATTTTATAGGCAGATTTTAAATC 

Forward 
primer for 
amplifying the 
downstream 
flanking region 
of the catalase 
gene. 
Lowercase 
nucleotides 
overlap with 
the upstream 
flanking region 
of the gene.  

oMR44
1 

tgtattcacgaacgaaaatcgatgcggccgcATCTCGTTGGTTAGCA
GTAG 

Reverse 
primer for 
amplifying the 
downstream 
flanking region 
of the catalase 
gene. 
Lowercase 
nucleotides 
overlap with 
the pEAKO 
plasmid.  

 561 

Genomic and plasmid DNA isolation 562 

H. parainfluenzae Genomic DNA was isolated using the DNeasy Blood & Tissue kit (Qiagen) 563 

according to the manufacturer's instructions. Plasmid isolations were performed using QIAprep 564 

spin miniprep kits (Qiagen).  565 

 566 

Genetic manipulation of H. parainfluenzae 567 

Gene deletions were generated using derivatives of a suicide vector pMRKO (Ramsey, 568 

Rumbaugh, and Whiteley 2011). 1kb flanking regions of the target gene were amplified via PCR 569 

using Q5 High-fidelity 2X Mastermix and primers indicated in Table S5. For allelic exchange, 570 

these fragments were assembled to flank a kanamycin resistance cassette via isothermal 571 

assembly using the NEBuilder HiFi DNA Assembly MasterMix (New England Biolabs) and 572 

cloned into pMRKO. This resulting reaction was then transformed into NEB5α competent cells 573 

using the manufacturer's instructions (New England Biolabs). Plasmid constructs were verified 574 
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via restriction digests and Sanger sequencing. After screening, plasmids were transformed into 575 

the donor strain MFD-pir, using the TSS transformation method (Chung, Niemela, and Miller 576 

1989). These strains were then used to conjugate into H. parainfluenzae. Briefly, washed cells 577 

of H. parainfluenzae overnight cultures were subjected to heat-shock (46°C for 6 minutes) and 578 

combined with the donor strain by spread plating on a BHI-YE HP agar plate supplemented with 579 

0.3 mM di-amino pimelate (DAP). Plates were then incubated overnight at 37°C in 5% CO2. 580 

Cells were then harvested and dilutions were plated on BHI-YE HP with 40 µg/ml of kanamycin 581 

and incubated for 24-48 hours at 37°C in 5% CO2. Mutants were then screened by testing for 582 

sensitivity to spectinomycin (spectinomycin resistance cassette on pMRKO backbone), PCR 583 

and Sanger sequencing.  584 

 585 

The markerless deletion of genes in H.parainfluenzae involved modifications to the above 586 

protocol. 1kb flanking regions were amplified and cloned into a pMRKO derivative containing a 587 

sacB gene (pEAKO - Table 1). Plasmids were then transformed into H. parainfluenzae via 588 

conjugation as described above. After transformation, cells were subjected to counterselection 589 

by plating on BHI-YE HP containing 10% sucrose for 4-5 days. Mutants were then screened via 590 

PCR and Sanger sequencing.     591 

                592 

Read abundance data  593 

MetaPhlAn (Segata et al. 2012) species-assigned metagenomic sequence data from the Human 594 

Microbiome Project (Human Microbiome Project Consortium 2012) for the “Supragingival 595 

Plaque” oral site was 1st sorted based on predicted read abundance for Haemophilus 596 

parainfluenzae. Using the top quartile (highest 25% of samples enriched for H. parainfluenzae) 597 

we compared these samples to the bottom 75% and performed LEfSe analysis (Segata et al. 598 

2011) to predict species likely to be significantly encountered at higher H. parainfluenzae 599 

abundance. LDA scores of a log10 score of ≥3 were deemed significant.  600 

 601 

 602 

Plaque Collection, Fixation, and Storage 603 

We collected supragingival plaque samples by using a toothpick to scrape the surface of 7 604 

donors’ teeth, avoiding the gingival margin. These donors were instructed to refrain from 605 

practicing oral hygiene for 24 h before collection. We fixed the plaque in a solution of 2% 606 

paraformaldehyde (PFA) in PBS buffer on ice for 2 to 6 h.  The PFA was removed by three 607 

washes with 10 mM Tris HCl buffer (pH 7.5). The samples were stored in a 1:1 (vol/vol) solution 608 

of 10 mM Tris HCl (pH 7.5) and 100% ethanol at –20°C. 609 

 610 

DNA FISH and Mounting 611 

FISH with 16S DNA probes was conducted on the surface of UltraStick Slides (Thermo 612 

Scientific). Aliquots of plaque were dried on the slides for 10 min at 46°C. The plaque was 613 

hybridized with 2 μM of each probe in a 900 mM NaCl, 20 mM Tris HCl (pH 7.5), 0.01% SDS, 614 

and 20% formamide hybridization buffer for 3 h in a humid chamber at 46°C. Non-hybridized 615 

probe was removed by washing the slides in prewarmed 215 mM NaCl, 20 mM Tris HCl (pH 616 

7.5), and 5 mM EDTA wash buffer for 15 min at 48°C.  The slides were rocked once during the 617 

wash incubation. The slides were rinsed in chilled deionized water and allowed to mostly air-dry 618 

before the samples were mounted in ProLong Gold Antifade mounting medium (ThermoFisher) 619 

under a #1.5 coverslip. The slides were dried flat in the dark. 620 

 621 

Table 3: DNA FISH probes 622 

Probe  Fluorophore Target Taxon Probe Sequence 5’-3’ Reference 

Eub338 Dual At655 Bacteria (domain) GCTGCCTCCCGTAGGAGT Amann et al. 1990 
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Pas111 Dual Dy615 Pasteurallaceae (family) TCCCAAGCATTACTCACC Valm et al. 2011 

Str405 RRX Streptococcus (genus) TAGCCGTCCCTTTCTGGT Paster et al. 1998 

Smit651 Dual Dy415  S. mitis CCCCTCTTGCACTCAA  Wilbert et al. 2020  

Hpar441  Dual Dy490  H. parainfluenzae ACTAAATGCCTTCCTCGCTAC this paper 

 623 

Imaging 624 

We imaged the hybridized plaque with an LSM 780 Confocal Microscope (Zeiss) with a Plan-625 

Apochromat 40x/1.4 Oil DIC M27 objective. Each field of view was simultaneously excited by 626 

linear scanning with 405, 488, 561, and 633 nm laser lines. The emission spectra for the probes’ 627 

fluorophores were decomposed by linear unmixing using ZEN software (Zeiss) using reference 628 

spectra recorded from pure Leptotrichia buccalis culture samples hybridized with the 629 

appropriate fluorophore as described above. To obtain a random sample of the masses of 630 

plaque large enough to permit spatial analysis, we scanned transects spaced every 5 μm along 631 

the coverslip at 40x magnification and imaged every mass of plaque that was at least 70 μm in 632 

diameter and 250 μm away from the previously imaged fields of view. For each donor, we either 633 

imaged the first 20 fields of view that satisfied these criteria or as many fields of view as were 634 

present on the slide. To maximize the number of bacteria captured in each image, we imaged 635 

the focal plane closest to the surface of the slide. 636 

 637 

Image Analysis 638 

To allow quantitative analysis of the spatial distribution of the taxa of interest, we used FIJI to 639 

create binarized S. mitis, H. parainfluenzae, and bacterial mass images (Schindelin et al. 2012).  640 

A slight misalignment of the Smit651 channel was brought into closer alignment with the other 641 

channels by shifting it up by 2 pixels, cropping 3 pixels off each edge, and re-scaling the 642 

channel image to regain the original 2,048 by 2,048 resolution. The noise in each channel was 643 

reduced by applying a median filter with a radius of 3 pixels. To create a bacterial biomass 644 

mask, the Eub338 channel was automatically segmented by thresholding with the global Otsu 645 

method (Otsu 1979) and dilating the segmented area by 3 pixels. The S. mitis channel was 646 

created by segmenting the Str405 and Smit651 channels with the local Bernsen and global 647 

RenyiEntropy automatic thresholding methods, respectively (BERNSEN 1986; Kapur, Sahoo, 648 

and Wong 1985). Both segmented images were combined using the Boolean "AND" operator to 649 

retain the pixels appearing in both images.  The H. parainfluenzae channel was created by 650 

segmenting the Pas111 and Hpar441 channels with the local Bernsen and global RenyiEntropy 651 

automatic thresholding methods, respectively. Both segmented images were combined using 652 

the Boolean "AND" operator. To ensure that there was a sufficiently large area of H. 653 

parainfluenzae in the images for reliable analysis, only the 41 fields of view in which at least 1% 654 

of the bacteria mass was covered by H. parainfluenzae in the associated binary image were 655 

used for the following analyses. 656 

 657 

We evaluated the pair correlations between S. mitis and H. parainfluenzae over different 658 

distances using a linear dipole analysis performed in Daime 2.2 (Daims, Lücker, and Wagner 659 

2006; Daims and Wagner 2011). For this analysis, the reference space in each image was 660 

restricted to the area in the binary bacterial biomass image. We used all possible dipoles with 661 

lengths ranging from 0.15 to 99.90 μm in steps of 0.45 μm. 662 

 663 

We evaluated trends between the local densities of both taxa, by dividing each field of view into 664 

1024 6.64 μm by 6.64 μm blocks, discarding blocks that did not contain any of the binary 665 
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bacterial mass image, and calculating the fraction of each block that was covered by the S. mitis 666 

and H. parainfluenzae binary images. 667 

 668 

Mono and Coculture Assays 669 

Colony biofilm assays were carried out as described previously (Ramsey et al. 2016). Briefly, 670 

equal volumes of H. parainfluenzae and/or S. mitis were spotted either in mono or coculture on 671 

sterile 25mm 0.2 µm polycarbonate membranes (MilliporeSigmaTM) that were placed on BHIYE 672 

HP agar plates following adjustment of optical density. H. parainfluenzae was spotted at an 673 

OD600 of 1 and S. mitis at OD600 of either 0.1, 1 or 3, with 10µl for each strain. The plates were 674 

then incubated for 24 hours at 37°C in 5% CO2. The membranes were then transferred to 1ml 675 

sterile media, vortexed and pipetted to ensure complete resuspension of the colony into the 676 

media; serially diluted and plated for CFU enumeration. S. mitis was enumerated by counting 677 

CFUs on BHI-YE and H. parainfluenzae on BHI-YEHP with 5 µg/ml vancomycin.    678 

 679 

Disk diffusion assays 680 

Cultures of H. parainfluenzae were grown anaerobically in BHI-YEHP overnight. All strains were 681 

then adjusted to an OD600 of 1 and 100µl was spread plated on BHIYE HP plates and incubated 682 

aerobically for 2 hours at 37°C in 5% CO2. 5 µl of 30% H2O2 was then added to a sterile 5mm 683 

paper disk and plates were incubated for 24 hours at 37°C in 5% CO2. The diameters of the 684 

zones of inhibition were then measured using a caliper in at least 3 axes. 685 

 686 

Coculture transcriptome sample preparation 687 

RNASeq analyses were carried out on mono and coculture samples following the colony biofilm 688 

assays described above. Briefly, H. parainfluenzae was spotted on the polycarbonate 689 

membranes at an OD600 of 1 and S. mitis at OD600 0.1, with 10µl for each strain in either mono 690 

or coculture. The plates were then incubated for 22 hours at 37°C in 5% CO2. The membranes 691 

were then transferred onto fresh media for 4 hours and immediately placed in RNAlater solution 692 

(AmbionTM). Experiments were carried out in biological duplicates. RNA extraction, library 693 

preparation and sequencing were then carried out by the Microbial ‘omics core facility at the 694 

Broad Institute. Sequences are submitted to the NIH SRA Gene Expression Omnibus (GEO) 695 

database. Bioproject number is pending on SRA approval and will be made available upon 696 

publication or by request to the corresponding author.   697 

 698 

Transcriptome analyses 699 

Genome data for H. parainfluenzae ATCC 33392 and S. mitis NCTC 12261 was obtained from 700 

NCBI and genome annotations were generated using RAST under default settings (Brettin et al. 701 

2015; Overbeek et al. 2014; Aziz et al. 2008).  702 

RNASeq reads were aligned, mapped and differentially expressed genes were analyzed using 703 

bowtie2, HTSeq, DESeq2 and R using a custom Unix and R pipeline (available at 704 

https://github.com/dasithperera-hub/RNASeq-analysis-toolkit). 705 

 706 

Sequencing reads were aligned to the respective genomes using bowtie version 2.2.4 707 

(Langmead and Salzberg 2012) with the default parameters. Reads aligning to coding 708 

sequences were then counted using the HTSeq-count function from HTSeq version 0.8.0 709 

(Anders, Pyl, and Huber 2015) using the “intersection-nonempty” mode. DESeq2 (Love, Huber, 710 

and Anders 2014) was then used to carry out normalization and differential expression analysis. 711 

Transcripts were considered statistically significant if they had an adjusted p-value of less than 712 

0.05 (FDR<0.05). Genes considered to be overexpressed had a fold change greater than 2, 713 

whilst genes under-expressed had a fold change less than 0.5 (-2-fold).   Following identification 714 

of differentially expressed genes (DEGs), KEGG annotations were obtained for each of the 715 

genomes using BlastKOALA (Kanehisa, Sato, and Morishima 2016). Pathway analysis for the 716 
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DEGs was then carried out by mapping to KEGG orthology (https://www.genome.jp/kegg-717 

bin/get_htext?ko00001). This allowed for improved annotations and the identification of potential 718 

pathways that are involved in coculture. The same pipeline was used to analyze H. 719 

parainfluenzae gene expression in published metatranscriptome datasets (Jorth et al. 2014; 720 

Espinoza et al. 2018). For these analyses, gene expression from H. parainfluenzae monoculture 721 

was compared to H. parainfluenzae gene expression in coculture and metatranscriptome 722 

datasets.   723 

 724 

Complementing Nicotinamide Adenine Dinucleotide (NAD) auxotrophy of H. parainfluenzae 725 

Overnight cultures of H. parainfluenzae were washed 3 times in 1x Phosphate buffered saline 726 

(PBS) and diluted to an OD600 of 0.1 and spread plated on a plate containing BHI-YE 727 

supplemented with Hemin and 20units/ml catalase. 5µL of bacteria at an OD600 of 1 was added 728 

to a sterile paper disk and incubated for 48 hours. Strains used for spotting include 729 

Corynebacterium matruchotii, C. durum, Streptococcus mitis, S. sanguinis, S. cristatus, and S. 730 

gordonii.  731 

  732 
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