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ABSTRACT Light is a source of energy and an environmental cue that is available
in excess in most surface environments. In prokaryotic systems, conversion of light
to energy by photoautotrophs and photoheterotrophs is well understood, but the
conversion of light to information and the cellular response to that information have
been characterized in only a few species. Our goal was to explore the response of
freshwater Actinobacteria, which are ubiquitous in illuminated aquatic environments,
to light. We found that Actinobacteria without functional photosystems grow faster
in the light, likely because sugar transport and metabolism are upregulated in the
light. Based on the action spectrum of the growth effect and comparisons of the ge-
nomes of three Actinobacteria with this growth rate phenotype, we propose that the
photosensor in these strains is a putative CryB-type cryptochrome. The ability to
sense light and upregulate carbohydrate transport during the day could allow these
cells to coordinate their time of maximum organic carbon uptake with the time of
maximum organic carbon release by primary producers.

IMPORTANCE Sunlight provides information about both place and time. In sunlit
aquatic environments, primary producers release organic carbon and nitrogen along
with other growth factors during the day. The ability of Actinobacteria to coordinate
organic carbon uptake and utilization with production of photosynthate enables
them to grow more efficiently in the daytime, and it potentially gives them a com-
petitive advantage over heterotrophs that constitutively produce carbohydrate trans-
porters, which is energetically costly, or produce transporters only after detection of
the substrate(s), which delays their response. Understanding how light cues the
transport of organic carbon and its conversion to biomass is key to understanding
biochemical mechanisms within the carbon cycle, the fluxes through it, and the vari-
ety of mechanisms by which light enhances growth.

KEYWORDS Actinobacteria, cryptochrome, freshwater, heterotrophy, light

unlit environments host both primary producers and the heterotrophs that rely on

them, and light powers the photosynthetic conversion of ~212 petagrams CO, to
organic carbon per year (1). However, heterotrophic organisms in all domains of life
share these environments and are thus also exposed to light. To these organisms,
sunlight can provide information about location, orientation, and time, and it regulates
a variety of physiological processes.

In plants, animals, and fungi, light controls circadian rhythms, orienting the organ-
isms with respect to time of day and allowing them to coordinate metabolic activity
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TABLE 1 Actinobacterial strains used in this work?

Journal of Bacteriology

Genome sequence

Faster growth

Strain Isolation source (reference) obtained (reference) in light Cell morphology

Rhodoluna lacicola MWH-Ta8 Lake Taihu, China (29) Yes (33) Yes Red crescent-shaped cells

Aurantimicrobium sp. strain MWH-Ugal Freshwater pond, Uganda (29) Yes (this work) Yes Orange crescent-shaped cells

Aurantimicrobium sp. strain MWH-Mo1  Lake Mondsee, Austria (22) Yes (this work) Yes Yellow crescent-shaped cells

Rhodoluna lacicola TaW Spontaneous mutant of R. lacicola Yes Yes White crescent-shaped cells;
MWH-Ta8 frameshift mutation in crtB

Microbacterium sp. strain 10M-3C3 Lake Matano, Indonesia Yes (84) No Yellow coryneform cells

9The phylogenetic positions of all of these strains are indicated by asterisks in Fig. 4.

with the 24-h diel cycle (2). In nonphototrophic bacteria, light can regulate stress
responses (3, 4), motility (5), or attachment (6, 7) or the synthesis of secondary
metabolites such as pigments (8-11) or antibiotics (12). However, the effects of light on
the growth of nonphototrophic prokaryotes and the mechanisms they use to capture
light have only been explored in a few species. Because light is an environmental cue
present in all surface environments, even those organisms that cannot convert light
energy to chemical energy likely sense it, enabling them to either stay in one place with
regard to light intensity or to coordinate their activities with the time of day. Known
photosensory proteins include rhodopsins, phytochromes, xanthopsins, cryptochromes,
phototropins, vitamin B,,-dependent regulators (13), and blue-light sensing using flavin
(BLUF) domain proteins (14). Circadian rhythms in photosynthetic bacteria are also regu-
lated by proteins that sense cellular redox status and the concentration of photosynthet-
ically produced organic carbon (reviewed in reference 15).

Here, we investigate how nonphototrophic freshwater Actinobacteria in sunlit en-
vironments sense light. These organisms represent a ubiquitous and frequently highly
abundant group of bacteria in aquatic surface environments (16-27) and are thus
exposed to sunlight during the day. The genomes of these freshwater Actinobacteria
derived from pure cultures or metagenomes indicate that rhodopsin-type photosys-
tems are common in these species (18, 28-30). Two actinobacterial strains whose
genomes encode actinorhodopsins, Rhodoluna lacicola strain MWH-Ta8 and Auranti-
microbium sp. strain MWH-Uga1, grow faster in the light than in the dark, even though
their actinorhodopsins are nonfunctional (31). Aurantimicrobium sp. strain MWH-Mo1
also grows faster in the light than in the dark but lacks an actinorhodopsin. We
hypothesize that whether or not they have functional photosystems, freshwater Acti-
nobacteria have photosensors that contribute to the regulation of metabolic processes.
This study characterizes the effects of light on growth and transcription and compares
the genomes of the light-responsive strains to identify putative photoreceptors.

RESULTS

Several Actinobacteria grow faster in the light than in the dark. Actinobacterial
R. lacicola strain MWH-Ta8, Aurantimicrobium sp. strain MWH-Uga1, and Aurantimicro-
bium sp. strain MWH-Mo1 (Table 1) were grown in 0.3% nutrient broth, soytone, and
yeast extract (NSY) medium in constant white light (~40 umol photons m—2s~') or
constant darkness at 28°C. All three grow faster and reach higher cell densities in the
light (Fig. 1). R. lacicola and strain MWH-Ugal have actinorhodopsins, which could
potentially enhance growth rates in the light, but Aurantimicrobium strain MWH-Mo1
does not (29). Further, the actinorhodopsins in R. lacicola and Aurantimicrobium sp.
strain MWH-Uga1 are nonfunctional in the absence of exogenous retinal (31), the
cofactor required for rhodopsin function. Since NSY medium does not include retinal,
the actinorhodopsins cannot be responsible for the enhanced growth. Although rho-
dopsins might contribute to enhanced growth in the light in some actinobacterial
species and under some conditions (32), they are not responsible for the observed
growth rate phenotype here. We also grew Microbacterium sp. strain 10M-3C3, isolated
from an oligotrophic freshwater lake in Indonesia (84), in the light and dark. This strain
grows at the same rate under both conditions, indicating that light-enhanced growth
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FIG 1 Growth of Actinobacteria in white light. Four strains of freshwater Actinobacteria were grown in
constant light (13-W cool fluorescent bulb) or constant darkness (tubes wrapped in paper and foil).
Growth was monitored by measuring the ODg,. Points shown are the averages of the results from four
independent replicates with error bars; in all cases, error bars are plotted but are smaller than the
symbols. These growth curves were independently repeated at least 4 times; the data here are from
individual, but representative, experiments. Aurantimicrobium sp. strain MWH-Mo1, Aurantimicrobium sp.
strain MWH-Uga1, and R. lacicola strain MWH-Ta8 all grow slightly faster in the light than in the dark.
Microbacterium sp. strain 10M-3C3, which branches separately from the others within the Microbacteri-
aceae, grows at identical rates in light and darkness.

is not a phenotype common to all Actinobacteria. Additionally, if light were warming
the light-exposed media and causing the cells to grow faster, all tested strains would
grow faster in the light. Thus, the fact that Microbacterium sp. strain 10M-3C3 grows at
identical rates in light and darkness (Fig. 1) demonstrates that a temperature change
does not cause the faster growth in the light.

To identify the specific wavelengths of light that stimulate growth in these Actino-
bacteria, we grew R. lacicola and Aurantimicrobium sp. strain MWH-Mo1 in constant
dark or illuminated by light-emitting diodes (LEDs) emitting light at 375 nm, 425 nm,
525 nm, or 650 nm. All light intensities were ~3 umol photons m~=2s~". Neither red
(650 nm) nor green (525 nm) light enhanced growth in either strain (Fig. 2). However,
both strains grew significantly faster when illuminated with near-UV light (375 nm).
Blue light (425 nm) may also have enhanced growth, though to a smaller degree (Fig.
2). In both Aurantimicrobium sp. strain MWH-Mo1 and R. lacicola, growth in near-UV
light was ~15% faster than growth in the dark. If a rhodopsin-based photosystem were
responsible, green light should have stimulated growth; the absorption maximum for
the actinorhodopsin from R. lacicola is 527 nm (31). However, our previous work
demonstrated that R. lacicola does not synthesize retinal, and its actinorhodopsin is
therefore inactive (31). We thus concluded that the light-enhanced growth phenotype
is not mediated by rhodopsin-based photosystems but rather by a pigment or protein
that absorbs blue or near-UV light.

To confirm that light was not degrading the organic carbon in the medium and
making it more bioavailable, NSY was aged for 4 days in white light. The aged medium
and freshly prepared medium were then inoculated with R. lacicola or Aurantimicro-
bium sp. strain MWH-Mo1 and grown in either white light or darkness. If abiotic
photochemical reactions were providing the light-grown cells with more accessible
organic carbon, growth rates should have been enhanced for both light- and dark-
incubated cells grown in light-aged medium. Instead, the growth rates were similar in
fresh and aged media, and the light-enhanced growth phenotype was consistently
observed regardless of medium age (see Fig. S1 in the supplemental material).

Growth was monitored by measuring the optical density at 660 nm (ODgg,). Both
Aurantimicrobium strains have the crescent shape characteristic of freshwater Actino-
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FIG 2 Near-UV light enhances growth of some Actinobacteria. R. lacicola (A) and Aurantimicrobium sp.
strain MWH-Mo1 (B) were grown in constant darkness or with LEDs of the wavelength specified. Growth
was monitored by measuring the OD,,, and growth rates were calculated from two time points within
the exponential-growth phase (in both cases, within the first 24 h of growth). Boxes indicate the range
of growth rates between the 25th and 75th quartiles, and the heavy line indicates the median growth
rate. Asterisks indicate that the mean of the growth rate in light of this wavelength is significantly
different from the mean growth rate in the dark, with a P value of <0.05, as calculated by a one-sided
t test. All light intensities were ~3 wmol photons m=2s~1,

bacteria (20) (Fig. 3). To confirm that cell size and shape were similar under dark and
light conditions, Aurantimicrobium sp. strain MWH-Mo1 was grown in the dark or the
light and then imaged using scanning electron microscopy (SEM). Because the cells are
~0.2 um in diameter, they are too close to the limit of diffraction to image accurately
using light microscopy. Instead, ImageJ was used to measure the cell diameter of ~50
individual cells in 10 to 15 SEM images under each condition. The average cell
diameter in the dark was 197 nm = 16 nm, and the average cell diameter in the
light was 193 nm = 13 nm (Fig. S2). A Welch 2-sample t test was used to assess the
difference and showed that the difference was not statistically significant (P = 0.15).
Cellular morphologies were also consistent in the light and dark. Some extracellular
material was observed in some of the SEM images under both light and dark
conditions (Fig. 3). To confirm that this material did not contribute to the observed
growth rate effect, all strains were grown in the light and dark. Cells were removed
from both light- and dark-grown cultures by filtration, and the ODg, of the filtrate
was measured. In all cases, the ODg¢, was 0 = 0.001. We conclude that the growth

FIG 3 Aurantimicrobium sp. strains MWH-Mo1 and MWH-Uga1 cell morphologies. Cells of both strains have the
curved vibrio shape typical of the Luna subgroups of Actinobacteria. (A) SEM image of Aurantimicrobium sp. strain
MWH-MoT1. (B) SEM image of Aurantimicrobium sp. strain MWH-Uga1. The scale is the same in the two images.
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TABLE 2 Genome characteristics of Aurantimicrobium sp. strains MWH-Mo1 and MWH-Uga1 and related Actinobacteria®

Data for®:

Aurantimicrobium Aurantimicrobium Aurantimicrobium R. lacicola Aquiluna
Characteristic sp. strain MWH-Mo1 sp. strain MWH-Uga1 minutum (30) MWH-Ta8 (33) rubrum (28)
Genome size (Mbp) 1.75 1.60 1.62 1.43 1.66
GC content (%) 54.6 524 52.1 51.5 519
Coding density (%) 93.76 94.95 93.18 92.68 93.37
No. of open reading frames 1,745 1,618 1,574 1,338 1,613
No. of tRNAs 42 41 42 39 42
No. of rRNA operons 1 1 1 1 1

aAll genomes are less than 1.8 Mbp and have moderate GC content and high coding density.
bReferences for genomes sequenced elsewhere are in parentheses.

rate differences observed are not due to changes in cell size or shape or to the
production of extracellular material.

Genome sequences of Aurantimicrobium sp. strain MWH-Mo1 and Aurantimi-
crobium sp. strain MWH-Uga1. Since the two Aurantimicrobium strains and R. lacicola
share a light-enhanced growth phenotype, but PCR analysis previously demonstrated
that only R. lacicola and Aurantimicrobium sp. strain MWH-Uga1 encode actinorho-
dopsins (29), we sequenced the two Aurantimicrobium genomes to identify potential
light-capturing systems shared by all three species.

The complete Aurantimicrobium sp. strain MWH-Mo1 genome is a circular chromo-
some 1.75 Mb in length, which contains 1,792 open reading frames (ORFs) and 1 rRNA
operon. The GC content is 54.6%, in line with the GC contents of other freshwater
actinobacterial genomes (Table 2). The genome of Aurantimicrobium sp. strain MWH-
Ugal is smaller, at 1.6 Mb, but with 1,618 ORFs has a higher coding density. Its GC
content is similar to that of strain MWH-Mo1 (52.4%).

Based on 16S rRNA sequences, strains MWH-Mo1 and MWH-Uga1 belong to the
Luna2 subgroup of Actinobacteria and fall within the Aurantimicrobium genus (Fig. 4).
Because of their high similarity to Aurantimicrobium minutum (30), we have classified
these two strains as Aurantimicrobium species. The 16S rRNA genes of the two Auran-
timicrobium species described here are >99% identical to the 16S rRNA sequence of A.
minutum. At the whole-genome level, the average nucleotide identity (ANI) between
Aurantimicrobium sp. strain MWH-Ugal and A. minutum is 90.6%, while the ANI
between Aurantimicrobium sp. strain MWH-Mo1 and A. minutum is 84.6% (33). Since the
ANI value between MWH-Uga1 and MWH-Mo1 is 79.3%, the three strains are expected
to represent three distinct species (34), of which only A. minutum has been taxonom-
ically described so far.

Genome comparisons. The small genome sizes of the two Aurantimicrobium
species are characteristic of freshwater Actinobacteria (24, 28, 32, 35). The genome
sequences suggest that both are heterotrophic aerobes with the ability to utilize amino
acids and other small organic molecules. There are no identifiable genes involved in
dissimilatory sulfate reduction pathways, suggesting that, like other freshwater Actino-
bacteria, these organisms require exogenous reduced sulfur (36, 37). The genome of
strain MWH-Mo1 also lacks a pathway for asparagine biosynthesis, suggesting that this
strain, like other freshwater Actinobacteria, is auxotrophic for at least one amino acid
(18, 36).

The Aurantimicrobium sp. strain MWH-Mo1 and Aurantimicrobium sp. strain MWH-
Ugal genomes share ~1,312 genes with each other and 854 genes with R. lacicola (Fig.
S3), as assessed by Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST) analysis
(38). The majority of these genes encode housekeeping or central metabolic functions
(Table S1). No complete pathway for any type of motility was identified in the R. lacicola
genome (35), nor in either Aurantimicrobium genome, and none of the cells appear to
be capable of phototaxis on soft agar (data not shown).

All three genomes encode at least one rhodopsin, predicted biosynthetic pathways
for C,, carotenoids, and two proteins in the cryptochrome/photolyase family (CPF) of
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FIG 4 16S rRNA gene sequences of the organisms described here (denoted with bold lines and asterisks) were compared with those of other sequenced
actinobacterial genomes in a phylogenetic tree. All organisms in this tree except the outgroup, Streptomyces albus, belong to the family Microbacteriaceae. R.
lacicola is a member of the Lunal subgroup of Actinobacteria. The two Aurantimicrobium strains, closely related to Aurantimicrobium minutum, belong to the

aclll subgroup; the phylogeny of freshwater actinobacteria is described in reference 16.

proteins. No proteins homologous to known (bacterio)chlorophyll [(B)Chl]-dependent
photosystems were found in any of these genomes.

Rhodopsins are present in all three genomes. As previously demonstrated by PCR
(29), R. lacicola and Aurantimicrobium sp. strain MWH-Uga1 encode actinorhodopsins,
while Aurantimicrobium sp. strain MWH-Mo1 does not. The genome sequences revealed
that both Aurantimicrobium genomes encode homologs to heliorhodopsin (39). How-
ever, like R. lacicola, neither of these genomes has an identifiable beta-carotene
cleavage dioxygenase, which would produce the retinal cofactor for the rhodopsin. To
confirm that no retinal is synthesized under the conditions examined here, we grew all
three strains to late exponential phase (~24 h) in the light and dark, extracted the
pigments, and analyzed the pigments by reverse-phase high-performance liquid chro-
matography (HPLC). No retinal was observed in any pigment extract (Fig. S4). In the
absence of the retinal cofactor, there is no known way for the rhodopsin to absorb light
and function either as a light sensor or as a proton pump. Additionally, the absorption
maximum of heliorhodopsin is 551 nm (39). If heliorhodopsin were contributing to the
observed increase in growth rate in the light, the green light (525 nm) should have
enhanced growth more than the blue (425 nm) or UV (375 nm) light. Instead, growth in
green light in both R. lacicola and Aurantimicrobium sp. strain MWH-Mo1 was indistin-
guishable from growth in the dark (Fig. 2).
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FIG 5 Characteristics of the colorless white mutant of R. lacicola. (A) Concentrated suspensions of
wild-type (WT) R. lacicola cells are pink (left), but the mutant cells lack any visible pigment (right). The
16S rRNA gene of the mutant was sequenced and is identical to that of R. lacicola, confirming that it is
not a contaminant. (B) The white mutant grows faster in near-UV light (375 nm) than in the dark or at
any other wavelength. The asterisk indicates that this growth rate is different from the growth rate in the
dark with a P value of <0.05 (one-sided t test). (C) The crtB gene was amplified from WT (Rh/-WT) and
white (Rhl-crtB) strains of R. lacicola and sequenced. This gene encodes the first committed step in
carotenoid biosynthesis, and when it is inactivated, no colored carotenoids can be synthesized. The
mutant has a one-nucleotide deletion in crtB that leads to a premature stop codon, making the gene
product nonfunctional.

Carotenoids play no role in the light-enhanced growth phenotype. All of the
strains with the light-enhanced growth phenotype described here are brightly colored
(Fig. S5) and produce abundant carotenoids, isoprenoid pigments that are generally
found in the cytoplasmic membrane. In R. lacicola, we predict that these are Cs,
carotenoids similar to bacterioruberin (40) and c.p.450 (41), based on the genes
encoding carotenoid biosynthetic enzymes identified in the genome; in the two
Aurantimicrobium spp., the carotenoids are likely less-oxidized Cs, compounds. Because
of their extended polyene chains, carotenoids absorb light and can serve as accessory
antenna pigments for both rhodopsin- and (B)Chl-based photosystems (see reference
42 and references therein). However, they do not themselves convert light energy to
chemical energy.

We fortuitously isolated a white mutant of R. lacicola, denoted R. lacicola TaW (Fig.
5A). This strain has a frameshift mutation in crtB (Fig. 5C), which encodes the phytoene
synthase that is involved the first committed step in carotenoid biosynthesis (43). To
determine whether the carotenoids in R. lacicola might contribute to the faster growth
in the light, we grew the carotenoid-free white mutant in white light as well as under
the same LEDs as described above. This strain grows faster in white and near-UV light
than in the dark, red, green, or blue light, similar to wild-type R. lacicola (Fig. 5B). In fact,
the effect on growth rate is even larger in this mutant, as 375-nm light results in a 30%
increase in growth rate. Based on the growth phenotype of the mutant, we conclude
that the carotenoids do not mediate the faster growth in near-UV or blue light.
However, wild-type R. lacicola grows faster than R. lacicola TaW under all light condi-
tions, so carotenoids likely contribute to fitness under both dark and light conditions.
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Genomes contain multiple predicted proteins in the cryptochrome/photolyase
superfamily. The three genomes were examined for any potential light-sensitive
pigments, proteins, or protein domains. None of the genomes encoded homologs to
known bacterial blue-light sensors with cobalamin, bilin, coumaric acid, or protopor-
phyrin IX cofactors (see Table S2 for a list of proteins used as queries in these searches).
Although they do not sense light, proteins known to regulate circadian rhythms in
cyanobacteria, KaiABC, CikA, and LdpA (15) were also used as queries, but only short
(<45-amino-acid) regions of homology were observed to predicted proteins in R.
lacicola, Aurantimicrobium sp. strain MWH-Mo1, and Aurantimicrobium sp. strain MWH-
Ugal. Several proteins with flavin (flavin adenine dinucleotide [FAD] and flavin mono-
nucleotide [FMN]) cofactors were used as queries, and the only open reading frames in
the actinobacterial genomes with full-length alignments to any of the queries were
homologous to known photolyases and cryptochromes. Further, predicted proteins in
all three genomes were compared to the PFAM database, and the results were then
searched for PFAM domains relevant to light sensing, including PAS, GAF, and BLUF
domains (44) and B,,-binding domains (13) (see Table S3 for the list of domains used
as queries). Although there were several predicted proteins with homology to the
signal transduction domains (e.g., GGDEF and GAF), the only predicted proteins with
homology to light-sensing domains were the predicted photolyases and crypto-
chromes identified by the full-length protein search.

Proteins in the cryptochrome/photolyase (CPF) superfamily are known to absorb
blue light and use that energy either for DNA repair or to control gene expression (2,
45, 46). Three putative members of this superfamily were identified in the R. lacicola
genome, and two of these were also found in the two Aurantimicrobium genomes (Fig.
6; see Fig. S6 for a version with species names). These open reading frames, though
related, fall into three separate clades within the CPF, with one photolyase clade, a
group with homologs to the CryB-type cryptochrome from Rhodobacter sphaeroides,
and a putative cryptochrome-like family (denoted CPF2 in Fig. 6) that appears to be as
yet uncharacterized. Species that, like R. lacicola, encode homologs to all three proteins
include other Actinobacteria, phototrophic Chloroflexi and Chloracidobacteria, and pho-
toautotrophic cyanobacteria.

One ORF found in all three of the actinobacterial genomes studied here (RHOLA_
RS03920, AURMO_01673, and AURUGA1_01549) encodes a protein with high levels of
similarity to the biochemically characterized DNA photolyase PhrB from Streptomyces
griseus, which repairs pyrimidine dimers in UV-damaged DNA when exposed to visible
or near-UV light (47). The ortholog of this protein in R. lacicola, which is 48% similar and
34% identical to PhrB over the entire length of the protein (460 amino acids), has DNA
photolyase activity in Escherichia coli (J. Heydst, S. Olson, J. L. Keffer, and J. A. Maresca,
unpublished data). The Aurantimicrobium sp. strain MWH-Uga1 ortholog is 33% iden-
tical and 49% similar to the one found in S. griseus and 85% identical to the ortholog
in Aurantimicrobium sp. strain MWH-Mo1.

One other predicted protein belonging to the CPF, a putative CryB-type crypto-
chrome, is shared by the R. lacicola and Aurantimicrobium sp. strain MWH-Mo1 and
MWH-Ugal genomes (locus tags RHOLA_RS06470, AURMO_00962, and AURUGA1_00706).
Homologs of this CryB-type cryptochrome are also found in a variety of actinobacteria,
cyanobacteria, proteobacteria, and haloarchaea (48). The proteobacterial, cyanobacterial,
and actinobacterial homologs group separately with high bootstrap support, and the
homologs found in the phototrophic Chloroflexi and chloracidobacteria also form their own
clade, though less strongly supported (Fig. 6). This protein is related to the characterized
Rhodobacter sphaeroides cryptochrome CryB (48-51); the R. lacicola homolog, RHOLA
RS06470, is 36% identical and 50% similar to the Rhodobacter sphaeroides version over
the entire length of the protein (492 amino acids, PDB ID 3ZXS_A). The flavin-binding
domains in CryB and PhrB are conserved in the actinobacterial homologs (Fig. 7). Both
CryB from Rhodobacter sphaeroides and PhrB from Agrobacterium tumefaciens have a
C-terminal Fe-S cluster, and the conserved FeS-binding Cys residues are also conserved
in the R. lacicola homolog and both Aurantimicrobium sp. CryB homologs (Fig. 7).
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FIG 6 Phylogeny of cryptochrome/photolyase family (CPF) proteins found in Actinobacteria. Homologs of
the three CPF proteins found in the R. lacicola genome were aligned with ClustalW, and a neighbor-
joining tree was calculated with 1,000 bootstraps and then visualized with Iroki (78). The three proteins
clearly group separately, with the CryB-type cryptochromes separate from both DNA photolyases (PhrB)
and the other putative cryptochrome (here labeled CPF2). Homologs of CryB are broadly distributed
among Actinobacteria, phototrophic Acidobacteria, Archaea (primarily the halophilic Archaea), Cyanobac-
teria, and Proteobacteria (both phototrophic and not). CPF2 is separated into two clear groups, one of
which includes Actinobacteria and a few Proteobacteria and another that is found predominantly in
Cyanobacteria and other phototrophs.

The R. lacicola genome encodes an additional predicted member of the CPF clade,
here denoted CPF2. Homologs of CPF2 are common in actinobacterial and cyanobac-
terial genomes and are also found in some phototrophic Chloroflexi and the radiation-
tolerant deinococci. This group is divided into two main clades; the first includes
Cyanobacteria, Chloroflexi, and Chlorobaculum species, and the second is composed
almost entirely of Actinobacteria (Fig. 6). Nearly all of the genomes that encode one of
the cryptochromes also have at least one homolog of the photolyase. Those that do not
have a PhrB-type photolyase likely encode other types of DNA photolyases (reviewed
in reference 45).

Absorption spectrum of putative CryB from R. lacicola. Both CryB and the
homologous PhrB in Agrobacterium tumefaciens bind two flavins, a flavin adenine
dinucleotide (FAD) chromophore and 6,7-dimethyl-8-ribityl-lumazine, which absorb
light at 375 and 415 nm (48, 52). Since both flavin-binding domains are conserved in
the actinobacterial homologs (Fig. 7), and all three genomes have a homolog of ribH,
which encodes the 6,7-dimethyl-8-ribityllumazine synthase (locus tags AURMO_00338,
AURUGA1_01322, and RHOLA_RS05775), we tested whether the CryB ortholog in R.
lacicola might be capable of absorbing light of the wavelengths that enhance growth.
The gene encoding the CryB homolog, RHOLA_RS06470, was cloned into the expression
vector, pET14B, with a hexahistidine tag and overexpressed in E. coli strain T7 Express,
a derivative of E. coli strain BL21. This E. coli strain encodes a homolog of the
6,7-dimethyl-8-ribityllumazine synthase (GenBank accession number AMH21340.1 [53]),
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FIG 7 Protein domains of CryB and other CPF proteins. (A) The CryB protein from Rhodobacter sphaeroides includes
a photolyase domain (pfam04244) at the N terminus, a PhrB domain (COG0415, which binds the antenna cofactor),
and four cysteines involved in binding a 4Fe-4S cluster at the C terminus. This domain architecture is conserved
in the CryB orthologs from all three of the light-responsive actinobacterial genomes. All four proteins also have
homology along their entire lengths to COG3046, a DNA-photolyase-related protein domain (DPRP). (B) The
biochemically characterized DNA photolyase from Streptomyces griseus (47) has homology to COG3046 along the
whole protein, an N-terminal photolyase cofactor-binding domain (pfam00875), and a C-terminal FAD-binding
domain (pfam03441). This domain architecture is conserved in the PhrB orthologs from all three of the light-
responsive actinobacterial genomes. The ortholog from Aurantimicrobium sp. strain MWH-Uga1 is not depicted
here because it is 85% identical to that of Aurantimicrobium sp. strain MWH-Mo1. (C) The cryptochrome/
photolyase-related protein from R. lacicola has a PhrB domain (COG0415) near the N terminus but no homology
to other members of this superfamily at the C terminus. Although several phylogenetically related actinobacteria
do also encode this protein (see Fig. 6 and S6), it is not required for the light-enhanced growth phenotype, since

neither Aurantimicrobium species has it.

so we expect that it is capable of synthesizing the cofactor. The protein was purified
using a nickel column (Fig. S7). The protein has a predicted molecular mass of 56 kDa,
and the induced protein has an apparent molecular mass close to 55 kDa, as expected
(Fig. S7). The absorption spectrum of the purified protein has absorption peaks at 377
and 410 nm (Fig. 8), similar to the absorption spectrum of the Rhodobacter sphaeroides
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FIG 8 Absorption spectrum of RS06470. The CryB ortholog in the R. lacicola genome, RS06470, was
cloned into an expression vector with an N-terminal hexahistidine tag, overexpressed, and purified over
a nickel column. The semipurified protein has absorption maxima at 377 nm and 410 nm, close to the
wavelengths of light that stimulate growth in this strain (375 and 425 nm) and the absorption maxima
of CryB from Rhodobacter sphaeroides (375 and 415 nm [48]).
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CryB and close to the wavelengths of light that stimulated growth in R. lacicola and
both Aurantimicrobium spp.

Gene expression in light and dark. Although there is a potential light sensor, the
CryB ortholog, that is shared by all three light-responsive strains, the lack of any
identifiable photosystem encoded in the Aurantimicrobium sp. strain MWH-Mo1 ge-
nome, combined with the lack of any functional photosystem in R. lacicola or Auran-
timicrobium sp. strain MWH-Uga1 (31), suggests that direct conversion of light energy
to chemical energy is not responsible for the enhanced growth rates in blue light.
However, light could potentially serve as a signal to upregulate functions related to
heterotrophic growth. To test this hypothesis, we grew R. lacicola and Aurantimicrobium
sp. strain MWH-Mo1 in constant white light or dark until late exponential phase and
then analyzed the transcripts by RNA sequencing (RNA-seq). Because it is so similar to
Aurantimicrobium sp. strain MWH-Mo1, the transcription patterns in Aurantimicrobium
sp. strain MWH-Uga1 were not analyzed.

In R. lacicola, genes in carbohydrate metabolism pathways, including sugar trans-
port and breakdown, are more highly transcribed in the light than in the dark (Fig. 9A).
Glycan biosynthesis is also upregulated in the light, suggesting that some of the sugar
imported is stored. Transcripts related to nucleotide metabolism and DNA synthesis are
also more abundant in the light than in the dark. However, transcripts related to protein
synthesis and translation are much more abundant in the dark (Fig. 9A). Similarly, in
Aurantimicrobium sp. strain MWH-Mo1, genes in carbohydrate and amino acid metab-
olism as well as degradation of xenobiotics are overrepresented in the light (Fig. 9B). As
in R. lacicola, genes with functions related to translation are much more highly
transcribed in the dark (Fig. 9B). These results suggest that light triggers a change in
transcription that upregulates carbohydrate transport and metabolism, resulting in en-
hanced production of biomass and thus faster growth in the light. Interestingly, in both
strains, the genes encoding the predicted CryB-type cryptochrome (RHOLA_RS06470 and
AURMO_00962) is significantly more transcribed in the light than in the dark, and the DNA
photolyase gene (RHOLA_RS03920 and AURMO_01673) is significantly more transcribed in
the dark (Table S5). Additionally, the CPF2 in R. lacicola is significantly more highly
expressed in the dark than in the light, as it has the largest fold difference in transcript levels
of all the genes in R. lacicola (Table S5). We note here that in both species, the rhodopsin-
encoding genes are upregulated in the light (heliorhodopsin transcripts are 0.5-fold more
abundant in Aurantimicrobium sp. strain MWH-Mo1, and actinorhodopsin transcripts are
1.36-fold more abundant in R. lacicola in the light, with P < 0.001 for both).

Potential signaling pathways. If light is a cue for a change in activity rather than
a source of energy, the signal must be transferred from the light sensor to a transcrip-
tion factor in the cell. One predicted protein found in all three genomes, homologous
to the cytosolic PdtaS histidine kinase of Mycobacterium spp. (54, 55), has histidine
kinase domains on either side of a PAS domain (RHOLA_RS05490, AURMO_00401, and
AURUGA1_01264). Homologs of known two-component systems shared by all three
genomes include genes similar to mtrAB, pknAB, and tcrXY. In both strains, the tcrXY
genes are expressed more highly in the dark than in the light (Table S5). Other potential
regulatory proteins include homologs of regX3, spki, and purC and the homologs of
whiA and whiB, which are widespread in both spore-forming and non-spore-forming
Gram-positive bacteria (56, 57). It is important to note here that 57 of the predicted
proteins shared by R. lacicola and the two Aurantimicrobium spp. are hypothetical and
have no predicted function; the signal transduction and gene regulatory pathways in
this system may belong to as-yet-unidentified protein families.

DISCUSSION

Here, we show that three strains of freshwater Actinobacteria grow faster in the light
than in the dark. Since none of these species produce functional photosystems, we
hypothesize that the light-responsive Actinobacteria do not convert light energy to
chemical energy. Instead, we propose that light is used as a signal that alters gene
expression and thus, cellular activity, resulting in faster growth when cells are exposed
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FIG 9 RNA-seq analysis of light- and dark-grown cells. R. lacicola (A) and Aurantimicrobium sp. strain MWH-Mo1 (B)
were grown in constant light or dark until late exponential phase. Differentially expressed genes were identified
by Cuffdiff (g < 0.05) and annotated with KEGG Orthology B-level reference hierarchy terms; children of the A-level
hierarchy terms “organismal systems” and “human diseases” were excluded. The number of differentially expressed
genes in each category is plotted here. Asterisks indicate statistically significant enrichment in the number of genes
in a given category between conditions (P < 0.05 using Fisher's exact test). In both species, significantly more
genes related to carbohydrate transport and metabolism are expressed in the light, while significantly more genes

related to translation are expressed in the dark.

to near-UV and blue wavelengths of light. Genome comparisons suggest that the only
potential blue-light-absorbing photoreceptors shared by all three light-responsive
strains are a putative DNA photolyase and a CryB-type cryptochrome. Since crypto-
chromes are flavoproteins that absorb blue light and regulate circadian rhythms in
animals, plants, and fungi, we propose that the CryB-type cryptochrome in Actinobac-
teria absorbs blue light and signals the cells to upregulate central carbon uptake and
processing pathways, resulting in faster growth. The light wavelengths that best
stimulate growth coincide with the absorption maxima of the flavin cofactors of
cryptochromes, which typically have absorption peaks between 350 and 450 nm (2, 48,
52, 58). Although not all flavoproteins have light-dependent activity, the observed
change in growth rate strongly implies that a receptor in the cells with the absorption
characteristics of a flavoprotein absorbs light and causes a change that results in higher
growth rates.
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Light is potentially an important signal to freshwater Actinobacteria related to R.
lacicola and Aurantimicrobium spp., which are widespread in illuminated surface envi-
ronments and are often found in association with cyanobacteria (16-27, 37, 59, 60).
Since light serves as a signal for upregulation of primary production in surface envi-
ronments, it could reasonably also serve as a signal for upregulation of heterotrophy,
allowing heterotrophs to efficiently take advantage of organic carbon as it is produced
(61). In fact, other studies have suggested that acl-related freshwater Actinobacteria are
specialized for uptake of phytoplankton exudate (62), especially amino acids (63, 64).
Further evidence for actinobacterial dependence on primary producers comes from the
genomes, which indicate that freshwater Actinobacteria tend to be auxotrophic for
specific amino acids and other cofactors, such as retinal and B vitamins (18, 31).

We investigated the effect of light on growth rate and transcription in cultures of
Actinobacteria grown in complex medium. Under these conditions, organic carbon is
not limiting. In contrast, in the euphotic zone of aquatic systems, the availability of
exudates released by primary producers is expected to undergo diurnal cycles with
release rates coupled to photosynthesis rates. In addition, even maximum concentra-
tions of exudates in natural systems would be several orders of magnitude lower than
concentrations of substrates in the medium used for the experiments. Under such
scarce and diurnally fluctuating conditions, metabolic synchronization with substrate
availability should have a strong implication for fitness of the bacteria in the environ-
ment. In fact, under in situ conditions, the growth advantage of light-responsive strains
might be much more pronounced than the rather small effect observed in the
experiments. Furthermore, synchronization that uses light as a trigger is a more
cost-efficient mechanism than sensing the availability of a small number of substrates
by specific sensory proteins. Especially in bacteria with streamlined genomes, such as
these, selection is expected to favor such a cost-efficient system of metabolic synchro-
nization with substrate availability (65). Bacteria with larger genomes, as well as motile
bacteria actively optimizing growth conditions, would be expected to use different
ways to adjust their metabolic activity to the current substrate availability.

Homologs of the protein that we predict mediates this response to light, CryB, are
widespread in freshwater Actinobacteria, suggesting that this light response may also
be common in surface waters. CryB has been well characterized in Rhodobacter
sphaeroides, absorbs blue (~420 nm) light under anoxic conditions, and interacts with
AppA to modulate expression of the photosystem (50, 51). In contrast, the orthologous
protein in Agrobacterium tumefaciens, named PhrB, absorbs light at 375 and 415 nm
and has DNA photolyase activity (52). These contrasting roles indicate that the CryB
family of proteins, while structurally similar, is functionally diverse. Further, if CryB
initiates a signaling cascade in Actinobacteria, it does not do so via a pathway similar
to that of Rhodobacter sphaeroides, as no homologs to proteins in that pathway are
found in the R. lacicola or Aurantimicrobium sp. genomes. Other members of the CryB
family of proteins are found in many Actinobacteria and a variety of phototrophs,
including cyanobacteria, acidobacteria, Chloroflexi, and Haloarchaea.

Bacterial genomes that, like R. lacicola, encode homologs to all three CPF proteins
include “Candidatus Rhodoluna planktonica,” other Actinobacteria (Aeromicrobium ma-
rinum, Aeromicrobium erythreum, Geodermatophilus sp. strain Leaf369, Marmoricola sp.
strain Leaf446, Nocardioides alpinus, and Rhodococcus fascians), phototrophic Chloroflexi
and chloracidobacteria typically found in hot springs, and three freshwater cyanobac-
teria (Synechococcus sp. strain LL, Synechococcus sp. strain Tous, and Nostoc punctiforme
PCC 73102). It is possible that the two cryptochromes regulate responses to different
wavelengths of light; Chlamydomonas reinhardtii has a cryptochrome that responds to
both blue and red light (58). Another possibility is that CryB in R. lacicola regulates the
regulon that is most active in the light, while CPF2 controls the “dark” regulon. This
possibility is potentially supported by the observation that CPF2 has the largest fold
difference in transcript levels of all the genes in R. lacicola, as it is significantly more
highly expressed (9.8X) in the dark than in the light (see Table S5 in the supplemental
material). Alternatively, the CPF2 protein could regulate processes that have, at most,
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minimal effects on growth rate. Since it is not shared by all three genomes, however,
it is unlikely to play a major role in the phenotype described here.

We note here that although the current evidence suggests that a flavoprotein serves
as a photoreceptor, our data do not definitively identify the CryB-like protein shared by
R. lacicola and the two Aurantimicrobium strains as the photoreceptor responsible for
the observed phenotype. In fact, the recently identified cobalamin-dependent blue
light receptors (13) and heliorhodopsins (39) demonstrate that novel photoreceptors
are found regularly. The heliorhodopsins present in two of the three genomes de-
scribed here may, like the heliorhodopsins previously described, serve as light sensors
rather than as light-activated ion pumps (39). However, since the characterized he-
liorhodopsins absorb green to yellow light (551 nm), they are unlikely to be involved in
the blue-light reception and response described here. Additionally, the two Aurantimi-
crobium genomes do not encode any pathway for retinal biosynthesis, nor was any
retinal detected in the pigment extracts. The heliorhodopsins are unlikely to be
photoactive without this light-absorbing cofactor.

Regardless of the identity of the light-sensing protein, the photoreceptor likely
initiates a signal transduction cascade that ultimately controls the activity of a tran-
scription factor and thus the transcription of a specific regulon. Although several
predicted proteins with homologs in the genomes of R. lacicola and both Aurantimi-
crobium species encode sensor kinases, response regulators, and transcription factors,
there is no clear similarity to the signaling pathway downstream of CryB in Rhodobacter
sphaeroides. The only identifiable two-component regulatory system that is differen-
tially expressed in the dark and light is tcrXY, which is more highly expressed in the dark
than in the light in both R. lacicola and Aurantimicrobium sp. strain MWH-Mo1 (Table
S5); however, a signal transduction pathway responsible for altered gene expression in
light or darkness would not necessarily be differentially expressed under these condi-
tions. Several of the other sensor kinases and response regulators shared by all three
genomes are also found in other Actinobacteria, where they regulate morphology and
cell wall structure; in R. lacicola and Aurantimicrobium spp., these proteins may play a
role in the unusual shape of the cells (Fig. 3). In Corynebacterium glutamicum, MtrA and
MtrB regulate the response to osmotic stress as well as cell wall biosynthesis (66-68).
Similarly, the serine/threonine protein kinases PknA and PknB regulate cell morphology
in Mycobacterium tuberculosis (69), and TcrX and TcrY are a response regulator and
sensor histidine kinase involved in regulation of Mycobacterium virulence and are
highly expressed during iron stress (70, 71). In streptomycetes, WhiA and WhiB are
required for spore formation, and their apparent regulatory targets include genes
whose products are involved in morphology, growth at the ends of cells, cell division,
and chromosome segregation (56). R. lacicola and both Aurantimicrobium species have
homologs of both whiA and whiB (Table S1).

In sum, the data here suggest that possibly many of the abundant freshwater
Actinobacteria use light as a signal for substrate availability and a trigger for metabolic
synchronization. In the strains analyzed here, light upregulates sugar import and
metabolism and results in higher growth rates. Since these species do not have
functional photosystems under our culture conditions, the data suggest that bacteria
do not have to convert light energy to chemical energy to obtain a selective advantage
in the light. Responding to light by upregulating organic carbon import suggests that
these species can coordinate their activity with the time of maximum release of
photosynthate by primary producers. The ability to increase the metabolic machinery
in the cell before the source of organic carbon is actually present would give them a
selective advantage over microbes that might upregulate carbon transport and pro-
cessing pathways only after detection of the substrate(s). The broad distribution of the
CryB- and CPF2-type cryptochromes in phototrophic organisms suggests that they are
common in light-sensing organisms; their broad distribution in heterotrophs implies
that we are deeply unaware of how many organisms sense light and how they integrate
light (either as energy or as information) into physiological activity and genetic circuitry.
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MATERIALS AND METHODS

Strains and growth conditions. Aurantimicrobium sp. strains MWH-Mo1 and MWH-Uga1, originally
isolated as Actinobacterium sp. strains MWH-Mo1 and MWH-Uga1, respectively (20), were grown as
described previously in 0.3% NSY medium at 28 to 31°C (72). For standard passaging on solid medium,
0.3% NSY was solidified with 1.5% agar.

For experiments comparing growth rates at specific wavelengths of light, cells were diluted to an
optical density at 660 nm (ODg,) of 0.001 in 4 ml of 0.3% NSY and incubated with shaking at a distance
of 24 cm from LED light sources. The light flux at this distance was ~3 umol photons m~2s~1, and the
light sources had emission wavelengths of 375 nm, 425 nm, 525 nm, and 650 nm, with ~10-nm band-
widths. Dark conditions were maintained by wrapping culture tubes in paper and aluminum foil. The
temperature of cell-free NSY in the 28°C incubator was always 27.8 to 28.2°C whether exposed to light
or wrapped in paper and foil to prevent light exposure. Growth was monitored by measuring ODgg,.
Growth rates were calculated from optical densities during exponential-growth phase, and the signifi-
cance of differences in growth rates was calculated using a two-sample t test in R.

Identification of the colorless mutant. White colonies appeared occasionally when R. lacicola
(normally red) was grown on solid NSY medium. To check that these were not laboratory contaminants,
white colonies were first restreaked on NSY and then grown in liquid medium. DNA was extracted, and
the 16S rRNA gene was amplified using primers 8F and 1492R (73). The amplicon was sequenced directly
at the University of Delaware Sequencing and Genotyping Center using the same primers and compared
to the R. lacicola 16S rRNA gene. After confirming that the sequences were identical, the crtB gene from
both the white mutant (denoted TaW) and wild-type R. lacicola was amplified using primers FP-CrtB
(5'-GAA TTC GTG AGC TCC CCT AAC TC-3') and RP-CrtB (5'-CGG GAT CCT CAC TTA GGG GAC AC-3').
Amplicons were sequenced at the University of Delaware Sequencing and Genotyping Center.

Scanning electron microscopy. Cells were grown in NSY overnight under light or dark conditions,
harvested by centrifugation for 20 min at 4,500 X g, and washed once with 10% glycerol. Cells were
again centrifuged and fixed in 2% glutaraldehyde. Fixed samples were incubated on poly-L-lysine-treated
silicon support wafers (catalog no. 16007; Ted Pella) for 1 h. After sample incubation, any unbound
material was washed off with 1X filtered phosphate-buffered saline (PBS), followed by a 1-h incubation
in 1% osmium tetroxide. Samples were rinsed with Nanopure water and dehydrated in an ethanol
dilution series at increasing concentrations of ethanol. Following dehydration, the samples were placed
into a critical point dryer (Tousimis Autosamdri-815B). Samples were then mounted on aluminum stubs
and coated with 4.0 nm of platinum with a Leica ACE600 sputter coater. Imaging was performed on a
Hitachi S-4700 field-emission SEM (FE-SEM) at 3.0 kV.

DNA extraction and library preparation. Cultures (500 ml) of Aurantimicrobium sp. strains MWH-
Mo1 and MWH-Uga1 were grown in 0.3% NSY medium (72) with shaking at room temperature (~25°C)
for 14 days. Cells were harvested by centrifugation, and DNA was extracted using the PowerSoil DNA
isolation kit (catalog no. 12888-50; Mo Bio, Carlsbad, CA) following the manufacturer’s instructions. DNA
was stored at —20°C until processing.

DNA sequencing. The single-molecule real-time (SMRT) libraries for PacBio sequencing were pre-
pared using the standard PacBio protocol for 20-kb libraries (74). DNA fragments larger than 10 kb were
selected by BluePippin (Sage Science). The average fragment size of the library was 25 kb, as measured
by a fragment analyzer (Advanced Analytical Technologies, Inc.). Sequencing was performed in a single
SMRT cell in a Pacific Biosciences RSII single-molecule sequencer using P6-C4 chemistry with a 6-h movie.

Genome assembly. For both Aurantimicrobium genomes, the reads were initially assembled using
Hierarchical Genome Assembly Process 3 (HGAP3) software from PacBio, with a seed read fragment
length of 10 kb. The initial assembly of the Aurantimicrobium sp. strain MWH-Mo1 genome resulted in
two contigs, one linear (32,252 bp, 37X coverage) and one circular (1,787,627 bp, ~500X coverage). To
confirm that the small linear contig was in fact a segment of the genome, the two contigs were aligned
using Gepard version 1.40 (58). Plotting the larger contig against itself showed that the end of the
sequence aligns with the beginning, indicating a complete circular chromosome with ~40-kb overlap.
The smaller contig was plotted against the larger one, and it clearly aligns with a small region of the
larger contig. A short highly repetitive region of the smaller contig aligns to a different region of
the larger contig. The closed genome sequence has a length of 1.748 Mb. The initial assembly of the
Aurantimicrobium sp. strain MWH-Ugal genome resulted in a single circular contig (1,639,476 bp,
~850X coverage). Again, the Gepard dot-plot showed that the chromosome was complete and
circular.

Genome annotation. RAST (version 2.0) and PROKKA (version 1.11) were used to identify the ORFs
and annotate the genome (59, 60). These annotations were compared using BEACON, which compares
start and stop sites and annotations generated by different annotation systems (61). Fifty comparisons
between the PROKKA and RAST annotations were made by iterating the offset value from 1 to 50. Using
these comparisons as a guide, entries that were not matched by BEACON were manually matched. This
comparison led to a consensus annotation which contained elements from the RAST and PROKKA
annotations. Because PROKKA does not annotate rRNAs, the three rRNA genes identified by RAST were
manually added to the PROKKA annotations in both genomes. A custom biopython script was then used
to number the predicted start sites, stop sites, and locus tag numbers of the annotation features for both
genomes such that dnaA is the first feature (AURMO_00001 and AURUGAT_00001).

Genome comparisons. A fasta file containing the amino acid sequences of all predicted proteins in
the genomes of R. lacicola and Aurantimicrobium sp. strains MWH-Mo1 and MWH-Uga1 was uploaded
to the EFI-Enzyme Similarity Tool website (https://efi.igb.illinois.edu/efi-est/index.php). This tool calcu-
lates the similarities between all sequences and generates a sequence similarity network, which can be
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used to identify clusters of homologous proteins. In the sequence similarity network, nodes represent
proteins and edges represent a sequence alignment score that falls above the lower limit (here set to 35).
The sequence similarity network was visualized in Cytoscape using the yFiles organic layout. Custom
scripts were used to count and sort the nodes and edges in the network to identify the number of ORFs
shared by all three genomes, shared by two genomes, or unique to one genome.

Amino acid sequences of proteins known to be involved in light sensing in bacterial systems were
used as queries in BLASTp searches of the three genomes (see Table S2 in the supplemental material).
Amino acid sequences of all predicted proteins were also compared to the Pfam (version 31) and
TIGRfam (version 14) databases using HMMER (version 3.1b2) (75), and the results were then searched for
specific Pfam domains known to be involved in bacterial light sensing (Table S3).

Pigment analysis. Cultures (30 to 40 ml) were grown in NSY medium in light or darkness as
described above. Cells were harvested by centrifugation at 5,000 X g for 15 min and resuspended in
0.4 ml HPLC-grade methanol. Cells were sonicated on ice (50% duty cycle, 1-s on/off pulses) using a
Fisher Scientific probe sonicator (sonic dismembrator model 120, probe model CL-18). The lysate was
centrifuged at 12,000 X g for 2 min to remove cell debris, and the colored supernatant was filtered
through a 0.2-um polytetrafluoroethylene syringe filter (Thermo Scientific) into glass vials. The pellets
were colorless, indicating complete extraction of pigments from the membranes. For release of retinal
oxime from rhodopsins, 20 ul of a 50% hydroxylamine solution (Alfa Aesar) was added to the lysate and
incubated on ice for 1.5 h, followed by methanol extraction, centrifugation and filtration as described
above. Reverse-phase HPLC was performed on a Shimadzu Prominence system with solvent degasser
(DGU-20A5), quaternary pump (LC-20AT), and 996-element diode array detector (SPD-M20A) fitted with
a Supelco Ascentis reverse-phase C,g column (100 by 3 mm, 3-um beads, catalog number 581308-U;
Sigma-Aldrich) using the solvents described by Frigaard et al. (76). The gradient parameters were 0 min,
10% B; 20 min, 100% B; and 35 min, 100% B at a flow rate of 0.6 ml min—". The retinal standard (catalog
no. R3041; Spectrum Chemical) was dissolved in methanol; to produce a retinal oxime standard, 20 ul of
a 50% hydroxylamine solution (catalog no. B22202AE; Alfa Aesar) was added to 200 ul retinal and
incubated on ice for 1.5 h.

Phylogenetic analyses. Thirty 165 rRNA gene sequences were aligned to the SILVA (release 132)
small subunit (SSU) rRNA profile using SINA (version 1.2.11) (77). Common gaps were removed, and
nonoverlapping ends were trimmed to a final alignment of 1,416 positions corresponding to 1,373 bp
beginning at E. coli position 47. Pairwise distances were determined from the alignment (Jukes and
Cantor), and a neighbor-joining tree rooted to Streptomyces albus DSM 41298 was produced in Geneious
version 7.1.9, with 1,000 bootstrap replicates.

Comparison of proteins in the cryptochrome/photolyase family. Amino acid sequences for R.
lacicola ORFs RHOLA_RS05465, RHOLA_RS03920, and RHOLA_RS06470, which encode the CPF2, pho-
tolyase, and putative CryB, respectively, were used as queries in BLAST searches against the Aurantimi-
crobium sp. genomes and against the nonredundant database at NCBI. Genomes that encoded one of the
two cryptochromes were subsequently searched for the other and for the photolyase. Sequences were
aligned with ClustalX, trimmed manually, and realigned. The neighbor-joining tree was calculated in
ClustalX with 1,000 bootstrap replicates and visualized with Iroki (78). The same amino acid sequences
were used as queries against the NCBI Conserved Domain Database (CDD) to identify Pfam and Clusters
of Orthologous Groups (COG) domains within the protein sequences.

Protein overexpression and purification. The gene RHOLA_RS06470 was amplified from R. lacicola
genomic DNA using primers RS06470_F (5'-ctg gtg ccg cgc ggc agc cat ATG GCT TTT GAG CGA ATT CTT
TA-3") and RS06470_R (5'-gc cgg atc ctc gag cat act AGA TTT CAC CTT TAT CAA GAC-3’) via PCR with
Phusion DNA polymerase and an annealing temperature of 51°C (uppercase letters in the primer
sequences indicate regions of homology to the R. lacicola genome; lowercase letters indicate regions of
homology to pET14B). The pET14B plasmid (catalog no. 69660; Novagen) was linearized with Ndel, and
the linearized plasmid and PCR product were assembled using the Gibson Assembly cloning kit (catalog
no. E5510S; NEB). The gene was cloned in-frame with an N-terminal 6XHis affinity tag and thrombin
cleavage site. The ligation product was transformed into NEB 5-alpha competent E. coli (catalog no.
C2987; NEB) by heat shock, following the vendor’s instructions, and purified from the cells after growth
via alkaline lysis (79). The plasmid insert was sequenced by Sanger sequencing at the UD DNA
Sequencing and Genotyping Center. A plasmid with correct insert free of mutations was transformed into
T7 Express competent E. coli (catalog no. C2566l; NEB) by heat shock, as per the manufacturer’s
instructions.

A single colony of E. coli T7/pET14B_RS06470 from a freshly streaked agar plate was grown in LB with
1% glucose and 100 ug/ml ampicillin overnight at 37°C with shaking. Cells were then transferred to
250 ml growth medium (per liter, 1.5 g Na,HPO,, 0.75 g KH,PO,, 5 g tryptone, 1.25 g yeast extract, 0.6%
glycerol, amended with 100 ug ml~" ampicillin). Cells were grown for 2 h at 23°C with shaking, and then
protein expression was induced by the addition of 0.2 mM isopropyl-B-p-1-thiogalactopyranoside. After
4 h of additional growth, cells were harvested and lysed. The cell pellet was resuspended in 1.25 ml
BugBuster (catalog no. 71456-3; Novagen) with 1 mM benzamidine hydrochloride hydrate. Cells were
incubated for 15 min at room temperature with shaking. Unbroken cells and insoluble debris were
removed by centrifugation at 16,000 X g for 20 min at 4°C.

The supernatant containing soluble protein was mixed 1:1 with equilibration buffer (PBS plus 10 mM
imidazole). PBS was prepared as 20 mM sodium phosphate (1:4 40 mM NaH,PO,-40 mM Na,HPO,) and
300 mM NaCl (pH 7.4). A 1-ml HisPur nickel-nitrilotriacetic acid (Ni-NTA) spin column (catalog no. 88225;
Thermo) was centrifuged at 700 X g for 2 min to remove storage buffer. The column was equilibrated
with 2 column volumes (cv) of equilibration buffer and centrifuged again. The bottom of the column was
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closed off, and supernatant-equilibration buffer was added to the column and incubated with gentle
mixing for 30 min at room temperature. The bottom plug was removed and the column centrifuged. The
flowthrough was retained for analysis. The column was then washed with 2 cv of wash buffer (PBS plus
25 mM imidazole) and centrifuged. This step was repeated twice. The His-tagged proteins were eluted
in 1 cv of elution buffer (PBS plus 250 mM imidazole), repeated twice. Elution fractions were analyzed by
SDS-PAGE. The column was washed with 5 cv MES buffer [20 mM 2-(N-morpholine)-ethanesulfonic acid,
0.1 M NaCl (pH 5.0)] and 5 cv water and then stored in 20% ethanol.

Fractions to be analyzed by SDS-PAGE were boiled at 100°C for 10 min 1:1 in 2X loading buffer
(250 mM Tris, 2% SDS, 30% glycerol, 10% 2-mercaptoethanol, 0.002% bromophenol blue). Samples were
loaded on a 10% Tris-buffered polyacrylamide resolving gel, topped with a 5% polyacrylamide stacking
gel, and electrophoresed according to the method of Laemmli (80). The gel was washed with deionized
(DI) water, fixed with 10:25:65 glacial acetic acid-methanol-water for 15 min, and stained with LabSafe Gel
Blue (catalog no. 786-35; G-Biosciences). The molecular weight standard was PageRuler 10- to 180-kDa
prestained protein ladder (catalog no. 26616; Thermo Scientific). An absorption spectrum from 200 to
500 nm of a fraction containing RS06470 was recorded using a Thermo Scientific BioMate 3S UV-visible
spectrophotometer. The same spectrum of elution buffer was recorded and subtracted from the
protein-containing spectrum.

RNA extraction and cDNA library preparation. Cultures (4 replicates, 50 ml each) of R. lacicola and
Aurantimicrobium sp. strain MWH-Mo1 were grown in 6 g liter—' NSY medium until late exponential
phase in constant light (~30 to 40 wmol photons m~2s~' with a 13-W compact fluorescent lamp) or
darkness with gentle shaking. Cells were harvested by centrifugation, resuspended in RNAlater (Invitro-
gen), and stored at —80°C until processing. Total RNA was extracted using protocols modified from the
Qiagen RNAprotect bacteria reagent handbook. Briefly, cells were centrifuged to remove RNAlater and
resuspended in TE (30 mM Tris-HCl, 1 mM EDTA [pH 8.0]) containing 15 mg ml~" lysozyme (catalog no.
BP5355; Fisher) and 2 mg ml~" proteinase K (catalog no. P8107S; NEB). Cells were briefly vortexed and
then incubated for 10 min at room temperature with intermittent vortexing. The appropriate volume of
Qiagen buffer RLT containing 3-mercaptoethanol (VWR) was added. Cells were additionally disrupted by
bead-beating with autoclaved diethyl pyrocarbonate (DEPC)-water-washed beads (0.2 mm zirconium,
catalog no. 12621-158; VWR) for 10 min. Cellular debris and beads were removed by centrifugation and
the supernatant transferred to a new tube, where 100% ethanol was added. Purification of total RNA was
continued using the RNeasy minikit (Qiagen catalog no. 74104) according to protocol 7 and included the
on-column DNase digestion (appendix B, Qiagen catalog no. 79254). Residual DNA contamination was
removed by treatment with Turbo DNase (Ambion catalog no. AM1907).

RNA quality was assessed using an AATI fragment analyzer. When needed, RNA was concentrated
using the RNeasy spin columns and Qiagen’s RNA cleanup protocol with a 10-min room temperature
incubation before the final centrifuge step. The rRNA was removed using the Ribo-Zero magnetic kit for
bacteria (Epicentre catalog no. MRZB12424), and 10 to 400 ng of rRNA-depleted RNA was concentrated
by ethanol precipitation following the protocol recommended by the Ribo-Zero manufacturer. The
ethanol-precipitated rRNA-depleted RNA pellet was resuspended in 18 ul of the Fragment, Prime, Finish
mix from lllumina’s TruSeq Stranded mRNA LT product (RS-122-2101). RNA was fragmented for 1 min at
94°C. Subsequently, cDNA copies of the RNA were synthesized using SuperScript Il reverse transcriptase
(Invitrogen catalog no. 18064022), and double-stranded cDNA was purified with Agencourt AMPure XP
beads (Beckman Coulter catalog no. A63880) following Illumina’s TruSeq protocol (RS-122-9004DOC).
The 3’ ends of the cDNA were adenylated, indexing adapters were ligated onto the ends, and the cDNA
was amplified by PCR using primers that anneal to the ends of the adapters. The BluePippin DNA size
selection system was used to select for fragments of <500 bp. The library was normalized, pooled, and
sequenced in two lanes of a flow cell on the Illlumina HiSeq 2500 by the University of Delaware
Sequencing and Genotyping Center. A total of 287,362,071 single-end 51-bp reads were obtained from
eight samples (12,972,160 to 23,534,512 per sample).

RNA-seq analysis. The transcriptome data were quality-filtered using Trim Galore version 0.4.1,
Cutadapt version 1.12, and FastQC with the following parameters: trimming mode, single end; quality
Phred score cutoff, 25; maximum trimming error rate, 0.1; minimum required adapter overlap, 1 bp; and
minimum required sequence length before sequence gets removed, 35 bp to remove low-quality reads.
Reads were then aligned to the genomes using TopHat. The number of reads assigned to each gene was
calculated with Cufflinks. The number of reads assigned to genes in light and dark conditions were
compared using Cuffmerge, and the significance of this difference (H, = there is no difference in the
mean number of reads mapping to a particular gene) was tested using Cuffdiff. Genes with a difference
in the mean with P values of <0.05 were considered significantly different and included in the
downstream analyses.

KEGG term enrichment analysis. Differentially expressed genes (g < 0.05) were used as query
sequences for a BLASTN search against the UniRef100 database (version 9/19/2017) (81). The database
had previously been annotated with mapping to KEGG terms (82). The top informative BLAST hit (i.e., hit
with KEGG mapping information; E value <0.001) was used to annotate genes with KEGG level-B
annotation terms (excluding children of the level A terms “human disease” and “organismal systems”).
Terms were tested for relative enrichment under light or dark conditions by Fisher's exact test. The
false-discovery rate (FDR) correction method of Benjamini and Hochberg (83) was used to correct for
multiple comparisons, and terms with g value of <0.05 were considered significantly enriched.

Data availability. The Aurantimicrobium sp. strain MWH-Mo1 and MWH-Ugal genomes have been
deposited at NCBI with BioProject numbers PRINA386293 and PRINA431805, respectively. The raw and
processed RNA-seq data have been submitted to the NCBI-GEO database with project accession numbers
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GSE116706 and GSE116705 for R. lacicola strain MWH-Ta8 and Aurantimicrobium sp. strain MWH-Mo1,
respectively.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00740-18.

SUPPLEMENTAL FILE 1, XLSX file, 0.1 MB.

SUPPLEMENTAL FILE 2, XLSX file, 0.2 MB.

SUPPLEMENTAL FILE 3, PDF file, 7.5 MB.
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