
Kings Road House - Schindler



SRG Architects with UO ESBL, Mt. Angel, OR



EX3 – Weinstein AU, Photo:  Meek & VDW



Miller Hull Partnership – Environmental Services Building, Photo: Meek & VDW



Courtesy: Bullitt Foundation



Bellingham Technical, HKP Architects, Photo: Meek



Terry Thomas , Weber Thompson, Photo: Meek & VDW



Portland Community College  - SRG Architects



Source: Meadow, et al., 2015 PeerJ



Biology and the Built
Environment Center

















Daylight Action on Bacteria

• Downes and Blunt –1877

• The Action of Light on Bacteria - Ward, 1894

• Bacterial Destruction through Glass -
Broadhurst and Hausmann, 1930

• “Further Observations on the Survival Rates 
of Streptococci and Pneumococci in Daylight 
and Darkness” – Buchbinder, et al., 1941

• “The Effect of Light on the Survival of Bacteria 
in Dust” – Lidwell and Lowbury, 1950



Replicate culture based methods of early 1900s?

Spectral Action?
Dose Response?



Daylight Microbiome Microcosms



Apogee SU 100 – UV-A/B Sensor
250-400 nm
w/m2

Li-Cor 210 SA – visible light
400-700 nm
lux

UV Light Visible Light

Daylight Microbiome Microcosms





Bacterial Culture Study



Survival Factor (Pseudomonas aeruginosa)
Daylight Factor (visible spectrum)

Survival Factor (Pseudomonas aeruginosa)
Daylight Factor (ultraviolet spectrum)
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Bacterial Culture Study



Less than ~1% 
of microbial life 
can be cultured 
in a petri dish





High throughput DNA Study 
of Bacterial Community in Dust



Fahimipour et al, 2018 // https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4

3 light treatments, Vis, UV, Dark

High throughput DNA Study 
of Bacterial Community in Dust

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4


Illumina MiSeq v3v4 region of 16s rRNA gene
PMA to understand viability 
qPCR to understand absolute abundance

High-throughput DNA Sequencing Process



Fahimipour et al, 2018 // https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4

Results
abundances

• bacterial abundances determined in 
part by exposure to light and spectrum

• mean daily light dosage did not impact 
bacterial community composition 
among two groups that received light

• largest community composition 
difference observed between dark and 
light per se

Daylight Autonomy over 90 Day Study

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4
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Results
abundances
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Fig. 2 Effects of light on dust community β-diversity and microbial abundance. a t-distributed stochastic neighbor embedding (t-SNE; [52])
visualization of pairwise Canberra distances, calculated using log10 1+ x-transformed RSV absolute abundances. Ellipses delineate treatment groups
and represent one standard deviation from the group centroid. Points represent bacterial communities that are colored by their corresponding
lighting regime: dark are gray, visible are gold, and ultraviolet are blue. The size of each point is scaled proportionately to the qPCR-based estimates
of absolute bacterial abundances. Dark and light shades of each color indicate whether the sample represents the total or viable community
respectively. b Boxplots of qPCR-based estimates of log10-transformed absolute abundance per milligram dust. The left and righthand boxes for
each factor level correspond to the total and living bacterial abundances respectively. Colors are the same as in panel a

skin-derived taxa and 24.2% ± 5.6%, 64.9% ± 2.1%, and
62.1% ± 2.1% (mean ± SEM) outdoor air-derived taxa on
average. In contrast, fewer than 1% of genera on average
were predicted to have originated from the human gut and
soil habitats in our training set. Dust experiencing light

Table 1 Results of pairwise PERMANOVA analyses of Canberra
distance between treatment groups

Contrast Total/living R2 adj. P

Dark-visible Total 0.111 0.002

Dark-UV Total 0.11 0.002

Visible-UV Total 0.032 0.043

Dark-visible Living 0.072 0.002

Dark-UV Living 0.066 0.002

Visible-UV Living 0.031 0.099

RSV features were weighted by their log10 1+ x-transformed absolute abundances.
The Contrast column indicates the pair of factor levels to which the statistics refer,
and Total/living designates whether analysis was of the total (i.e., no PMA treatment)
or living (i.e., PMA treated) components of the communities. Model results are
provided in the R2 and Benjamini-Hochberg adjusted P values columns

comprised a significantly smaller proportion of predicted
human skin-derived bacterial genera compared to dark
communities (ANOVA; P < 0.001) and instead contained
a plurality of outdoor air-derived genera (Fig. 3a). A higher
relative fraction of skin-derived bacterial genera was pre-
dicted for communities experiencing darkness, although
these taxa consisted mainly of dead individuals (Fig. 3a,
dark shades). The predicted proportion of outdoor air-
sourced genera was higher in the living portion of all
communities, and in particular those experiencing light
(Fig. 3a, light shades).

Related taxa are associated with darkness and light
exposure
A phylogenetic tree-informed sparse discriminant anal-
ysis [59] identified a mixture of 12 small clades and
8 RSVs that strongly discriminated between dark, vis-
ible, and ultraviolet light dust communities (Fig. 3b–e;
Additional file 3: Table S2) based on their feature load-
ings on the discriminating axis. The largest of these
clades was a dark-associated group of 23 RSVs in the

• quantitative community compositions in dark 
were more variable the either of light

• living bacterial abundances were lower for light 
than dark

• estimated fraction of viable bacteria was highest 
in dark (12% for dark, 6.8% visible, 6.1% UV)

• light decreases number of living bacteria in dust

• living bacterial abundance not significantly 
different between visible/UV light treatments
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respectively. b Boxplots of qPCR-based estimates of log10-transformed absolute abundance per milligram dust. The left and righthand boxes for
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skin-derived taxa and 24.2% ± 5.6%, 64.9% ± 2.1%, and
62.1% ± 2.1% (mean ± SEM) outdoor air-derived taxa on
average. In contrast, fewer than 1% of genera on average
were predicted to have originated from the human gut and
soil habitats in our training set. Dust experiencing light

Table 1 Results of pairwise PERMANOVA analyses of Canberra
distance between treatment groups

Contrast Total/living R2 adj. P

Dark-visible Total 0.111 0.002

Dark-UV Total 0.11 0.002

Visible-UV Total 0.032 0.043

Dark-visible Living 0.072 0.002

Dark-UV Living 0.066 0.002

Visible-UV Living 0.031 0.099

RSV features were weighted by their log10 1+ x-transformed absolute abundances.
The Contrast column indicates the pair of factor levels to which the statistics refer,
and Total/living designates whether analysis was of the total (i.e., no PMA treatment)
or living (i.e., PMA treated) components of the communities. Model results are
provided in the R2 and Benjamini-Hochberg adjusted P values columns

comprised a significantly smaller proportion of predicted
human skin-derived bacterial genera compared to dark
communities (ANOVA; P < 0.001) and instead contained
a plurality of outdoor air-derived genera (Fig. 3a). A higher
relative fraction of skin-derived bacterial genera was pre-
dicted for communities experiencing darkness, although
these taxa consisted mainly of dead individuals (Fig. 3a,
dark shades). The predicted proportion of outdoor air-
sourced genera was higher in the living portion of all
communities, and in particular those experiencing light
(Fig. 3a, light shades).

Related taxa are associated with darkness and light
exposure
A phylogenetic tree-informed sparse discriminant anal-
ysis [59] identified a mixture of 12 small clades and
8 RSVs that strongly discriminated between dark, vis-
ible, and ultraviolet light dust communities (Fig. 3b–e;
Additional file 3: Table S2) based on their feature load-
ings on the discriminating axis. The largest of these
clades was a dark-associated group of 23 RSVs in the

VIABLE

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4
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Results
community structures
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skin-derived taxa and 24.2% ± 5.6%, 64.9% ± 2.1%, and
62.1% ± 2.1% (mean ± SEM) outdoor air-derived taxa on
average. In contrast, fewer than 1% of genera on average
were predicted to have originated from the human gut and
soil habitats in our training set. Dust experiencing light

Table 1 Results of pairwise PERMANOVA analyses of Canberra
distance between treatment groups

Contrast Total/living R2 adj. P

Dark-visible Total 0.111 0.002

Dark-UV Total 0.11 0.002

Visible-UV Total 0.032 0.043

Dark-visible Living 0.072 0.002

Dark-UV Living 0.066 0.002

Visible-UV Living 0.031 0.099

RSV features were weighted by their log10 1+ x-transformed absolute abundances.
The Contrast column indicates the pair of factor levels to which the statistics refer,
and Total/living designates whether analysis was of the total (i.e., no PMA treatment)
or living (i.e., PMA treated) components of the communities. Model results are
provided in the R2 and Benjamini-Hochberg adjusted P values columns

comprised a significantly smaller proportion of predicted
human skin-derived bacterial genera compared to dark
communities (ANOVA; P < 0.001) and instead contained
a plurality of outdoor air-derived genera (Fig. 3a). A higher
relative fraction of skin-derived bacterial genera was pre-
dicted for communities experiencing darkness, although
these taxa consisted mainly of dead individuals (Fig. 3a,
dark shades). The predicted proportion of outdoor air-
sourced genera was higher in the living portion of all
communities, and in particular those experiencing light
(Fig. 3a, light shades).

Related taxa are associated with darkness and light
exposure
A phylogenetic tree-informed sparse discriminant anal-
ysis [59] identified a mixture of 12 small clades and
8 RSVs that strongly discriminated between dark, vis-
ible, and ultraviolet light dust communities (Fig. 3b–e;
Additional file 3: Table S2) based on their feature load-
ings on the discriminating axis. The largest of these
clades was a dark-associated group of 23 RSVs in the

• Living dust communities were distinct 
from their combined living and dead 
counterparts on average, regardless of 
light treatment 

• Total community structure of viable 
bacteria was not significantly different 
in visible and UV light treatments

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4
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Fig. 3 Responses of microbial taxa to light exposures. a Split violin plots summarizing results of microbial source tracking [56] analysis. The predicted
sources of bacterial genera detected in experimental samples are summarized as log10 A/B ratios, where A and B are the predicted proportions of
genera originating from outdoor air and human skin respectively (69% of community genera on average). Values near 1 indicate that communities
became more “outdoor air-like” (i.e., contain a plurality of outdoor air-sourced bacterial genera), while values near − 1 indicate that communities
became more “human skin-like” by the experiment’s conclusion. White boxes denote group medians and first and third quartiles. b–d Boxplots of
log10 1+ x-transformed absolute abundances of the largest clades discriminating communities under each lighting treatment. These taxa are
marked in bold in the rows of panel e. Colors and shades are the same as in Fig. 1. e Heatmap showing absolute abundances of viable discriminant
taxa, detected using phylogenetic sLDA [59]. RSVs are aggregated based on the highest level of taxonomic classification. Warmer colors correspond
to higher abundances; white tiles indicate those taxa were not detected in particular samples (columns). Columns are individual viable dust
communities, where treatment group is indicated by the colored markers on the x-axis. Dark, visible, and ultraviolet-associated taxa are identified by
colored circles near taxonomic labels and demarcated by black blocks. Matrix seriation was accomplished using principal components analysis

Actinobacteria. Of these, 18 RSVs were classified as mem-
bers of the genus Saccharopolyspora. Members of this
clade collectively accounted for an average of 30.1%, and
as high as 90.1%, of dark communities and were highly
abundant in the living portions of their respective com-
munities (Fig. 3b, e). Together with this clade, a group of
12 RSVs classified as Staphyloccocus created a numeric
gradient in community dominance in dark microcosms
(Fig. 3e, top two rows). This gradient was responsible for
the large amount of observed variability in dark commu-
nities (i.e., results of the permdisp2 analysis). These taxa

were likewise rare in communities experiencing light, sug-
gesting that these groups may be sensitive to light expo-
sures conditional on their presence or initial abundance
in dust inocula (see Additional file 1). The largest visible-
and ultraviolet-associated clades each contained three
RSVs in the Acidimicrobiales and Cytophagales respec-
tively (Fig. 3c, d); these taxa were seldom detected in
dark communities (Fig. 3e). These results indicate that
our experimental light exposures led to the loss of a
related set of numerically dominant, sensitive taxa and an
apparent increase in the abundances of a small number

Fahimipour et al, 2018 // https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4

Results
community structures

• Light exposure reduces relative 
abundance of skin-associated bacteria in 
dust
• Dust w light comprised a 

significantly smaller proportion of 
predicted human skin-derived 
bacterial genera compared to dark 
communities

• instead contained a plurality of 
outdoor air-derived genera 

• Living portion within treatments harbors 
environmentally sourced bacteria 

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0559-4


• Minor but significant differences between total communities 
experiencing visible and UV light

• Saccharopolyspora accounted for 30-90% of dark communities, 
previously associated with soils and buildings in rural areas and built 
environment-mediated respiratory diseases

Results
community taxonomic composition

Fahimipour et al. Microbiome  (2018) 6:175 Page 8 of 13

0

1

2

3

4

5

6

7

Uncl. Chitinophagaceae

Uncl. Cytophagales
Uncl. Bacteroidetes

Pseudonocardia

Uncl. Blastocatellaceae

Hymenobacter
Stenotrophobacter

Uncl. Acidimicrobiales

Uncl. Nocardioidaceae

Uncl. Gemmatimonadaceae

Pedobacter

Flavisolibacter

Uncl. Actinobacteria
Uncl. Micrococcales

Uncl. Pseudonocardiaceae
Staphylococcus

Saccharopolyspora
Dark Visible UV Dark Visible UV Dark Visible UV

Dark Visible UV

−1.0

−0.5

0.0

0.5

1.0

lo
g 1

0 O
ut

do
or

 A
ir 

: H
um

an
 S

ki
n 

R
at

io

Dark

Visible

UV

Total Living

Dark Visible UV

Largest Dark Clade

(b) (c) (d)

(e)

(a)
Largest Visible Clade Largest UV Clade

lo
g 1

0 
1 

+ 
16

S
 c

op
ie

s 
m

g 
du

st
−1

Uncl. Chitinophagaceae

1e+01
1e+03

1e+05
16S copies

Fig. 3 Responses of microbial taxa to light exposures. a Split violin plots summarizing results of microbial source tracking [56] analysis. The predicted
sources of bacterial genera detected in experimental samples are summarized as log10 A/B ratios, where A and B are the predicted proportions of
genera originating from outdoor air and human skin respectively (69% of community genera on average). Values near 1 indicate that communities
became more “outdoor air-like” (i.e., contain a plurality of outdoor air-sourced bacterial genera), while values near − 1 indicate that communities
became more “human skin-like” by the experiment’s conclusion. White boxes denote group medians and first and third quartiles. b–d Boxplots of
log10 1+ x-transformed absolute abundances of the largest clades discriminating communities under each lighting treatment. These taxa are
marked in bold in the rows of panel e. Colors and shades are the same as in Fig. 1. e Heatmap showing absolute abundances of viable discriminant
taxa, detected using phylogenetic sLDA [59]. RSVs are aggregated based on the highest level of taxonomic classification. Warmer colors correspond
to higher abundances; white tiles indicate those taxa were not detected in particular samples (columns). Columns are individual viable dust
communities, where treatment group is indicated by the colored markers on the x-axis. Dark, visible, and ultraviolet-associated taxa are identified by
colored circles near taxonomic labels and demarcated by black blocks. Matrix seriation was accomplished using principal components analysis

Actinobacteria. Of these, 18 RSVs were classified as mem-
bers of the genus Saccharopolyspora. Members of this
clade collectively accounted for an average of 30.1%, and
as high as 90.1%, of dark communities and were highly
abundant in the living portions of their respective com-
munities (Fig. 3b, e). Together with this clade, a group of
12 RSVs classified as Staphyloccocus created a numeric
gradient in community dominance in dark microcosms
(Fig. 3e, top two rows). This gradient was responsible for
the large amount of observed variability in dark commu-
nities (i.e., results of the permdisp2 analysis). These taxa

were likewise rare in communities experiencing light, sug-
gesting that these groups may be sensitive to light expo-
sures conditional on their presence or initial abundance
in dust inocula (see Additional file 1). The largest visible-
and ultraviolet-associated clades each contained three
RSVs in the Acidimicrobiales and Cytophagales respec-
tively (Fig. 3c, d); these taxa were seldom detected in
dark communities (Fig. 3e). These results indicate that
our experimental light exposures led to the loss of a
related set of numerically dominant, sensitive taxa and an
apparent increase in the abundances of a small number
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