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Phytochromes are biliprotein photoreceptors that are found in plants, bacteria, and fungi. Prototypical
phytochromes have a Pr ground state that absorbs in the red spectral range and is converted by light into the
Pfr form, which absorbs longer-wavelength, far-red light. Recently, some bacterial phytochromes have been
described that undergo dark conversion of Pr to Pfr and thus have a Pfr ground state. We show here that such
so-called bathy phytochromes are widely distributed among bacteria that belong to the order Rhizobiales. We
measured ir vivo spectral properties and the direction of dark conversion for species which have either one or
two phytochrome genes. Agrobacterium tumefaciens C58 contains one bathy phytochrome and a second phyto-
chrome which undergoes dark conversion of Pfr to Pr in vivo. The related species Agrobacterium vitis S4 contains
also one bathy phytochrome and another phytochrome with novel spectral properties. Rhizobium leguminosa-
rum 3841, Rhizobium etli CIAT652, and Azorhizobium caulinodans ORS571 contain a single phytochrome of the
bathy type, whereas Xanthobacter autotrophicus Py2 contains a single phytochrome with dark conversion of Pfr
to Pr. We propose that bathy phytochromes are adaptations to the light regime in the soil. Most bacterial
phytochromes are light-regulated histidine kinases, some of which have a C-terminal response regulator
subunit on the same protein. According to our phylogenetic studies, the group of phytochromes with this

domain arrangement has evolved from a bathy phytochrome progenitor.

Phytochromes are biological photoreceptors that were dis-
covered in plants, where they control development throughout
the life cycle in manifold ways (21, 33). Today, a large number
of homologs are known also from cyanobacteria, other bacte-
ria, and fungi, which are termed cyanobacterial phytochromes
(Cphs), bacteriophytochromes (BphPs), and fungal phyto-
chromes (Fphs), respectively (20, 24). The chromophore is
autocatalytically assembled within the N-terminal part of the
protein, the photosensory core module (PCM), which contains
the PAS, GAF, and PHY domains (30). Typically, phyto-
chromes are converted by light between two spectrally different
forms, the red-absorbing Pr and the far-red-absorbing Pfr
forms. Photoconversion is initiated by an isomerization of the
covalently bound bilin chromophore (32).

Plant and cyanobacterial phytochromes incorporate phyto-
chromobilin (P®B) and phycocyanobilin (PCB) as natural
chromophores, respectively, which are covalently bound to Cys
residues in the GAF domains. All characterized phytochromes
that belong to these groups have a Pr ground state. Plant
phytochromes can undergo dark conversion of Pfr to Pr (5),
whereas the Pfr form of typical cyanobacterial phytochromes is
stable in darkness (26).

Bacteriophytochromes utilize biliverdin (BV) instead as a
natural chromophore (1), which is covalently attached to a Cys
residue in the N terminus of the PAS domain (26). Since the
conjugated system of BV is longer than that of P®B or PCB,
the absorption maxima of bacteriophytochromes are found at
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higher wavelengths than those of cyanobacterial or plant ho-
mologs.

With the discovery of a bacterial phytochrome from Bra-
dyrhizobium sp. strain ORS278, termed BrBphP1, the first
phytochrome with a Pfr ground state and dark conversion
from Pr to Pfr was found (10). Thereafter, five more phy-
tochromes with dark conversion of Pr to Pfr were described:
Rhodopseudomonas palustris BphP1 (RpBphP1) from strain
CEA001, RpBphP5, and RpBphP6 from strain CGA009
(11); Agrobacterium tumefaciens Agp2 (or AtBphP2) from
strain C58 (18); and Pseudomonas aeruginosa BphP1
(PaBphP1) (40). These phytochromes are now termed bathy
phytochromes because the absorption maxima of their
ground states are bathochromically (to longer wavelengths)
shifted compared to those of all other phytochromes.

Moreover, some other bacterial phytochromes with unusual
properties have been described. In the Ppr from Rhodospiril-
lum centenum, a photoactive yellow protein (PYP) domain is
fused to the N terminus of a phytochrome homolog. The phy-
tochrome part of Ppr assembles with BV to form a Pr adduct.
However, irradiation does not result in the formation of Pfr
but in a bleaching of the Pr spectrum (23). The BV adduct of
RpBphP3 from R. palustris, which has a Pr ground state, pho-
toconverts to the so-called Pnr form with a blue-shifted ab-
sorption maximum (12). RpBphP4 from R. palustris strains
Ha2 and BisB5 and Bradyrhizobium BphP3 (BrBphP3) from
Bradyrhizobium BTAIi1, both with a Pr ground state, photocon-
vert into a long-lived MetaR form (8, 42). MetaRa and
MetaRc are intermediates in the photoconversion from Pr to
Pfr of prototypical phytochromes (3). BphP3 from the Brady-
rhizobium strain ORS 278 is an exception among bacteriophy-
tochromes as it binds PCB as a natural chromophore. This
phytochrome adopts a so-called Po (P-orange) ground state
with an absorbance maximum in the orange range (11, 15).
Upon irradiation, this phytochrome converts into the Pr form.
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RpBphP4 from R. palustris CGA009 lacks the biliverdin bind-
ing cysteine and does not bind a chromophore (42).

With the rapidly growing number of bacterial genome se-
quences, many new bacterial phytochromes are being discov-
ered. Thus, a large and increasing number of newly identified
phytochromes remain spectroscopically uncharacterized. We
established an in vivo photometry approach which allowed the
rapid acquisition of spectral information about phytochromes
from intact bacterial cells. In the beginning period of plant
phytochrome research, in vivo photometry was extensively ap-
plied (4, 6, 29, 34). This method, in fact, allowed the identifi-
cation of phytochromes for the first time in plant tissues (6),
which led to the purification of phytochromes from plant ex-
tracts (37). Here, we apply in vivo photometry for the first time
to organisms outside the plant kingdom. This method is espe-
cially useful for studying species with single phytochrome
genes. The approach is also helpful for comparing properties
of native phytochromes in vivo and of their recombinant pro-
teins in vitro.

In the present study, we concentrate on nonphotosynthetic
species of the order Rhizobiales which belongs to the Alpha-
proteobacteria. The family Rhizobiaceae comprises plant-inter-
acting soil bacteria. A. tumefaciens and Agrobacterium vitis can
transfer genes into plants to induce plant tumors, whereas
many other Rhizobiaceae can live as plant symbionts in nodules
of stems or roots in which they assimilate molecular nitrogen to
produce NH,*, which is used by the plant for synthesis of
amino acids and other nitrogen-containing molecules. A. fu-
mefaciens C58 contains two phytochromes, termed Agpl (or
AtBphP1) and Agp2 (or AtBphP2), that have been character-
ized as recombinant proteins (14, 18, 26, 35) and whose spec-
tral activities have been measured in extracts of wild-type and
knockout mutants (31). A large number of phytochromes from
photosynthetic Bradyrhizobium and Rhodopseudomonas spe-
cies, which also belong to the order Rhizobiales, have been
characterized as recombinant proteins (11), some of which
have already been noted above.

It turned out that most of our analyzed phytochromes un-
dergo dark conversion of Pr to Pfr and thus belong to the
group of bathy phytochromes. Such phytochromes, which ab-
sorb at around 750 nm, clearly dominate among Rhizobiales.
We propose that this specific property reflects an adaptation to
the light regime in the soil. Our studies also suggest that bac-
terial phytochromes with a C-terminal response regulator have
evolved from a bathy phytochrome progenitor.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains of Rhizobiales were
grown at 28°C. The M1 growth medium (5 g of peptone, 3 g of meat extract per
liter, pH 7.0) was used for A. tumefaciens strain C58 and its Aagpl, Aagp2, and
Aagpl Aagp2 mutant strains (31) and for Azorhizobium caulinodans ORS 571. A.
vitis S4 was grown in YEP medium (5 g of meat extract, 1 g of peptone, 1 g of
yeast extract, 5 g of sucrose, and 2 mmol of MgCl, per liter, pH 7.0). Rhizobium
leguminosarum 3841, Rhizobium etli CIAT 652, and Xanthobacter autotrophicus
Py2 were cultivated in TY medium (5 g of tryptone, 3 g of yeast extract, 0.7 g of
CaCl, per liter). For the Aagp! and Aagp2 mutant strains, 300 wg/ml spectino-
mycin was added to the growth medium; for the Aagpl Aagp2 double mutant, 300
pg/ml spectinomycin and 100 pg/ml gentamicin were added. Escherichia coli
strains DH5a and BL21 were usually grown at 37°C in either LB or RBP (10 g
of tryptone, 5 g of yeast extract, 10 g of Nacl, 0.2% glucose, 2.3 g of KH,PO,, 12 g
of K,HPO, per liter [pH 7.0]) medium. The expression clones carrying the
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plasmids pETavi3496 and pETavi9083 (see below) were grown in medium sup-
plemented with 100 pg/ml ampicillin (Amp).

Cloning of bacteriophytochrome genes. Avpl and Avp2 were amplified from
genomic DNA of A. vitis S4 using Phusion polymerase (New England Biolabs)
and the primer pair avpl_5" (CATATGGGCAATGACTACACCGATG) and
avpl_3" (GCTCACTAAACCCGTCGCACACCACCACCACCACCACTGAG
CGGCCGC) and the pair avp2_5' (CATATGCCTACGCTGCCTTCGAAA
GCC) and avp2 3" (CTCGAGGCTGGTGGTGGCGTCCGGTTG), respec-
tively, with a PCR program consisting of 98°C for 60 s, followed by 35 cycles of
98°C for 10 s, 58°C for 30 s, and 72°C for 80 s, with a final step at 72°C for 60s.
Products were A-tailed with Taq polymerase (Sigma) and ligated with pPGEM T
Easy (Promega), yielding pGEMavi9083 and pGEMavi3496, respectively. Plas-
mids were amplified in E. coli DH5« and digested with NotI and EcoRI, in the
case of pGEMavi9083, and with Ndel and Xhol, in the case of pGEMavi3496.
The fragments were ligated with identically digested pET21b (Novagen). The
obtained expression plasmids pETavi9083 and pETavi3496 contain the genes for
Avpl and Avp2, respectively, downstream of a Shine-Dalgarno sequence and
with additional codons for a C-terminal Hisy tag. The plasmids were then trans-
formed into the E. coli BL21 expression strain.

Recombinant protein expression. For protein expression, 2-liter E. coli cul-
tures were grown at 37° to an optical density at 600 nm (ODy) of 0.6. Specific
Avpl or Avp2 expression was induced by the addition of 100 wM isopropyl-p-
p-thiogalactopyranoside (IPTG). Thereafter, the bacterial cultures were shaken
at 10°C for 5 days. Cells were collected by centrifugation (5,000 X g for 10 min
at 4°C), washed with TES buffer (50 mM Tris-Cl, 5 mM EDTA, 300 mM NacCl,
pH 7.8), centrifuged again, and suspended in 30 ml of extraction buffer (50 mM
Tris-Cl, 10 mM EDTA, 300 mM NaCl, 1 mM dithiothreitol [DTT], 100 mM
cholic acid, pH 7.8). Cells were disrupted with a French pressure cell at 1,000
Ib/in. Insoluble material was removed by centrifugation (20,000 X g for 20 min
at 4°C).

Protein purification. Protein purification was done principally as described
earlier (27). Soluble protein of the extract was precipitated overnight at 4°C by
the addition of ammonium sulfate (AMS) from a 3.3 M stock solution to a final
concentration of 1.65 M, followed by centrifugation at 10,000 X g for 20 min at
4°C. The pellet after AMS precipitation was resuspended in 30 ml of low-IMI
buffer (50 mM Tris-Cl, 300 mM NaCl, 10 mM imidazole, 100 mg/liter cholic acid,
10 mM B-mercaptoethanol, pH 7.8). After centrifugation at 25,000 X g for 20
min at 4°C, the supernatant was loaded on a Ni** affinity column (30 ml of
Ni?*-nitrilotriacetic acid [NTA] agarose matrix; Qiagen). The column was
washed with 30 column volumes of low-IMI buffer. Bound proteins were subse-
quently eluted with high-IMI buffer (50 mM Tris-Cl, 300 mM NaCl, 200 mM
imidazole, 100 mg/liter cholic acid, 10 mM B-mercaptoethanol, pH 7.8). The
eluate was concentrated by AMS precipitation and resuspended in TES buffer
supplemented with 1 mM DTT. Samples were frozen in liquid nitrogen and
stored at —80°C. For analysis, samples were mixed with a 1.5-fold molar excess
of biliverdin (Fisher Scientific) under a green safety light (555 nm). After self-
assembly in the dark, excess chromophore was removed by desalting columns
(NAP columns; GE Healthcare).

Spectral characterization of bacteriophytochromes. For in vivo spectrophoto-
metric measurements, we used a Jasco V550 photometer equipped with an
Ulbricht sphere (Jasco ISN-723; 60 mm) and a custom-built computer-controlled
irradiation device. Bacteria were grown in a 1-liter culture in darkness to an
ODg of 0.5 to 0.7. Thereafter, bacteria were kept either in darkness or under
green safelight. Cells were collected by centrifugation (6,000 X g for 10 min at
4°C), and the cell pellet was washed with 45 ml of TES buffer, pelleted again,
shock frozen in liquid nitrogen, and stored at —80°C until further use. For the
measurements, samples were thawed at room temperature and transferred into
a plastic cuvette with a 4-mm by 10-mm cross section, and the measuring light
path was 4 mm. The cuvette was placed in front of the Ulbricht sphere in such
a way that the window was completely covered by the bacterial sediment. A
standard measuring series consists of four different irradiation programs accord-
ing to the following scheme (FR and R stand for far-red and red actinic light
irradiations, respectively, and D stands for dark incubation; the superscript
indicates the scan number): (i) for dark conversion after FR, FR ' D2FR 3D *
FR ° D ¢ FR 7; (ii) for photoconversion , D ' FR >R * FR * R * FR ® R 7; (iii)
for dark conversion after R, R' D2R*D *R > D ° R 7; (iv) for photoconversion
ILD'R?FR?*R*FR°R®FR".

Spectral scans were performed at a scan speed of 200 nm/min with a 2-nm
bandwidth. Actinic FR and R irradiations were made with 780-nm and 655-nm
light-emitting diodes, respectively. The intensity of FR at the upper position of

the cuvette was 1,000 pmol cm 2 s~ !, and the duration was 60 s. The R intensity
was 40 pmol cm ™2 s~ !, and the duration was 240 s. The dark incubation period

during dark conversion measuring series was 1 h, unless otherwise noted.
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FIG. 1. BphP genes in sequenced strains of Rhizobiales. The graph
shows the number of strains carrying a given number of BphPs. Dark
gray, photosynthetic; light gray, nonphotosynthetic.

The differences between the second and third, fourth and fifth, and sixth and
seventh absorbance spectra were calculated for each measuring series, and the
average difference spectrum was calculated from these three differences.

Nonscattering samples with extracted, recombinant proteins were measured
either in the same way or in the standard photometer setup, i.e., without the
Ulbricht sphere. In this case, the scan speed was set to 1,000 nm/min, and the
bandwidth was adjusted to 1 nm.

Computer analysis. Database searches for bacteriophytochrome protein se-
quences were performed with NCBI BLAST by using the sequence of A. tume-
faciens Agpl (gi 159185005) as a query. The results were restricted to 49 se-
quenced Rhizobiales strains (see Table SAI in the supplemental material). An
alignment of the selected protein sequences, together with additional represen-
tative phytochrome sequences (R. palustris CGA009 RpBphP1 mutated pseudo-
gene, Bradyrhizobium ORS 271 BrBphP3, Arabidopsis thaliana PhyA and PhyB,
Deinococcus radiodurans R1 BphP [DrBphP], P. aeruginosa PaBphP, Synecho-
cystis sp. strain PCC 6801 Cphl, and Tolypothrix sp. strain PCC 7601 CphA and
CphB) was performed with ClustalX2 and the default parameter settings. The
part comprising the GAF and PHY domains, equivalent to amino acids 337 to
756 of Agpl, was chosen for construction of a phylogenetic tree with PhyML,
using the maximum-likelihood algorithm and default parameters (13). The re-
sulting data were illustrated using ITOL (28) and further graphically processed.
Protein domain classification was analyzed by PFAM (version 24.0).

RESULTS

Computer analysis. Using the protein sequence of A. tume-
faciens Agpl as a query, we screened 49 Rhizobiales genomes
(see Table SA1 in the supplemental material) for phytochrome
homologs. We found 93 homologous protein sequences, which
were further analyzed by PFAM (version 24.0) for the pres-
ence of PAS, GAF, and PHY domains. Whereas 38 proteins
were homologous only to the C-terminal histidine kinase part
of Agpl, 55 sequences of 25 strains were found to contain a
GAF and a PHY domain, which constitute the photosensory
core module (PCM). These proteins are thus supposed to be
true bacterial phytochromes (see Table SA1). Eleven strains of
nine species contain only a single phytochrome (Fig. 1). With
the exception of two Methylobacterium strains, all of these
bacteria are nonphotosynthetic. The photosynthetic bacteria
that belong to the genera Bradyrhizobium and Rhodopseudo-
monas contain between two and five phytochrome genes.

The domain arrangement of all selected phytochromes was
analyzed by PFAM and SMART, and a phylogenetic tree was
constructed based on the sequences of the GAF and PHY
domains. In addition to these 55 phytochrome sequences that
were (re)identified in Rhizobiales, 10 other phytochromes from
other bacteria and plants were included in the phylogenetic
analysis.

J. BACTERIOL.

The rhizobial phytochromes show six different types of pro-
tein domain arrangement, which we designate type 1 through
type 6. In the type 1 phytochromes, a histidine kinase is located
C-terminal of the PCM. This is the most common domain
arrangement of bacterial phytochromes, and 24 of the 55 rhi-
zobial phytochrome homologs belong to this group. The do-
main arrangement of type 2 phytochromes is comparable to
that of type 1, but these proteins have an additional C-terminal
response regulator, which might serve as substrate of the his-
tidine kinase. In all 15 of the type 2 proteins, the histidine
kinase is of the HWE type, a newly characterized subgroup of
histidine kinases with canonical amino acids (19). Interestingly,
all other phytochromes analyzed here have non-HWE histidine
kinases or other C-terminal domains, suggesting that type 2
phytochromes have a common evolutionary origin. This view is
supported by our phylogeny analysis (Fig. 2) and by an earlier
phylogenetic study (11), which was based on a different subset
of bacterial phytochromes. The type 3 phytochromes have no
histidine kinase but a C-terminal PAS domain. We found this
type only in the photosynthetic bacteria Bradyrhizobium and
Rhodopseudomonas. These phytochromes cluster also in one
group (Fig. 2) (11). The type 4 phytochromes are comparable
with the type 1 as they bear a C-terminal histidine kinase.
However, their characteristic feature is an additional N-termi-
nal photoactive yellow protein domain. A PYP-phytochrome
chimeric protein of this type, Ppr from Rhodospirillum cente-
num, which stands outside the Rhizobiales, has been described
before (16, 23). Although the PCM of Ppr incorporates a bilin
chromophore, the spectral properties of this holoprotein are
different from those of typical phytochromes. We found five
phytochromes of this type in the genus Methylobacterium. All
type 4 phytochromes cluster in one branch of the phylogenetic
tree (Fig. 2). The domain arrangements of type 5 and 6 phy-
tochromes (Fig. 3) are found in single phytochromes only and
will not be further considered here.

All selected rhizobial phytochromes with the exception of
two have a conserved Cys residue in the PAS domain, which
serves as BV binding site (25, 26). The two exceptions are
the above-mentioned BphP3 from Bradyrhizobium ORS 278,
which binds PCB as a natural chromophore (15), and
RpBphP4 from R. palustris CGA009, which does not incor-
porate a chromophore (42).

For our in vivo spectroscopic studies, we selected two
species with two phytochromes, A. tumefaciens C58 and A.
vitis S4, and five other species which have a single phyto-
chrome only, R. leguminosarum 3841, R. etli CIAT 652, A.
caulinodans ORS 571, X. autotrophicus Py2, and Methylobac-
terium extorquens PA1.

Spectroscopy with A. tumefaciens. A. tumefaciens C58 served
as a standard for our measurements. Both phytochromes,
Agpl and Agp2, of this soil bacterium have extensively been
studied as recombinant proteins, and the spectral activities of
both phytochromes have been measured in cell extracts (31).
Moreover, knockout mutants are available (31) which allow
the spectral characterization of single phytochromes in vivo.

After having optimized the in vivo measuring parameters
with respect to cuvette dimensions, repetition rate, duration
and strength of irradiation, and other settings (see Materials
and Methods), we obtained typical difference spectra with A.
tumefaciens wild-type cells by subtracting absorption spectra
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characteristics.

taken after red (R) from those taken after far-red (FR) irra- servations made us confident that phytochromes can be de-
diation (Fig. 4). The peak-to-peak amplitude was ca. 0.01 AAA, tected in other species by the same in vivo approach as well,
(where A is absorption), and the maxima and minima were given that the content of screening bacterial pigments is not

found at 700 nm and 750 nm, respectively. Similar difference too high.

spectra with lower amplitudes were also measured in Aagp2 The A. tumefaciens wild-type and mutant cells were also used
and Aagpl knockout mutants, and the difference spectrum of for measuring the direction of dark conversion in the living
the Aagpl Aagp2 double knockout had no apparent phyto- cells. As noted above, three principles are realized among
chrome signature (Fig. 4). These results show that Agpl and known phytochromes: dark conversion of Pfr to Pr (normal
Agp2 are the only photoactive compounds in A. tumefaciens phytochromes), dark conversion of Pr to Pfr (bathy phyto-
cells that are detected under the present measuring conditions chromes), and a stable dark state (normal phytochromes). Re-
and that both proteins are present in the cells at roughly equal combinant Agpl and Agp2 follow the first and second princi-
concentrations, as has been postulated before (31). These ob- ples, respectively. For in vivo Pfr-to-Pr dark conversion
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FIG. 3. Domain arrangements of BphPs from examined strains
(Agpl and Agp2 from A. tumefaciens C58; RpBphP [gi 86749290] and
RpBphP1 from R. palustris HaA2 and CGAO009, respectively; BrBphP3
from Bradyrhizobium sp. ORS278; and Ppr from R. centenum SW).
Domain arrangements were drawn according to PFAM results. The
indicated domains are as follows: PAS, Per-Arnt-Sim; GAF, cGMP-
specific and -regulated cyclic nucleotide phosphodiesterase, adenylyl
cyclase, and E. coli transcription factor FhlA; PHY, phytochrome-
specific; HiskK, histidine kinase; and RR, response regulator. The chro-
mophore binding site is indicated by the red line.

measurements, the samples were initially irradiated with R.
Thereafter, the cells were kept for 1 h in darkness. After an
absorption spectrum was measured, the samples were again
irradiated with R and measured. The procedure was typically
repeated three times, and the average difference spectrum was
calculated from the spectra before and after the R treatments
(see also Materials and Methods). To measure the dark con-
version of Pr to Pfr, the same procedure was performed except

J. BACTERIOL.

that R was replaced by FR. The shapes and amplitudes of the
obtained difference spectra give clear information about the
extent and the direction of dark conversion during 1 h. In
wild-type A. tumefaciens cells, both directions of dark conver-
sion were found, whereas in the agp! and agp2 mutants, dark
conversion only of Pr to Pfr and of Pfr to Pr, respectively, was
observed. Thus, the direction of dark conversion in the A.
tumefaciens cells correlates with the direction of dark conver-
sion of recombinant proteins (Fig. 4).

Besides the overall consistency between in vivo and in vitro
measurements, the in vivo spectra of Agp2 in the agp! mutant
differ from those of recombinant Agp2 with respect to the
absorbance changes at 700 nm and 750 nm (Fig. 4E and F).
The difference spectrum of Agp2 in vivo exhibits a balanced
AA,40/AA,5, absorbance change ratio, whereas the AA,,,/
AA,5, absorbance change ratio of recombinant Agp2 is much
lower than 1 (about 0.3 in the photoconversion difference spec-
trum). The same difference has already been observed between
Agp2 measured in cell extracts and purified recombinant Agp2
(22). We also noted that the photoconversion (Fig. 4F, solid
line) and dark conversion (Fig. 4F, dashed line) difference
spectra of recombinant Agp2, but not those of Agp2 in vivo,
are dissimilar. In the former, the AA4,,/AA4,s, absorbance
change ratio was lower for dark conversion than for photocon-
version.

Spectroscopy with A. vitis. The second species of the present
study with two phytochrome genes was A. vitis S4, a bacterium
which is closely related to A. tumefaciens. Both A. vitis phyto-
chromes, which we have termed Avpl and Avp2, have a C-
terminal response regulator and belong to the type 2 group.
We would like to note here that another closely related species,
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FIG. 4. Difference spectra of bacterial cell sediments of A. tumefaciens C58 wild type (WT) (A) and agp1 agp2 (D), agp2 (B), agp1 (E) knockout
mutants and recombinant proteins Agpl (C) and Agp2 (F). Photoconversion (solid lines), difference spectra obtained from subtracting absorbance
spectra after R from spectra after FR; dark conversion after FR (dotted lines), spectra after 1 h dark of incubation minus spectra after subsequent
FR (a positive signal around 700 nm indicates Pfr to Pr dark conversion); dark conversion after R (dashed lines), spectra after 1 h of dark
incubation minus spectra after R (a positive signal around 750 nm indicates Pr to Pfr dark conversion). All samples were measured with an Ulbricht

sphere; details are given in the Materials and Methods section.
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FIG. 5. A. vitis S4 phytochrome spectra. (A) In vivo difference spectra of A. vitis bacterial cell sediment. (B and C) Difference spectra of
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dotted lines indicate spectra after 1 h of dark incubation subtracted from spectra after FR (a positive signal around 700 nm indicates Pfr-to-Pr dark
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the nonpathogenic Agrobacterium radiobacter, contains no phy-
tochrome gene at all (see Table SAl in the supplemental
material).

We measured a AAA4 peak-to-peak value of ca. 0.02 in A. vitis
cell pellets, a signal which is about twice as high as that of A4.
tumefaciens. The positions of maxima and minima (at around
700 nm and 750 nm) are also well in accordance with a phy-
tochrome which uses BV as a chromophore. Remarkably, dif-
ference spectra for photoconversion and even more for dark
conversion exhibit a low AA4-,/AA4,5, absorbance change ratio.
As opposed to the case in A. tumefaciens, dark conversion only
of Pr to Pfr was detected, and no dark conversion of Pfr to Pr
was observed.

Thus, at least one of the A. vitis phytochromes is a bathy
phytochrome. The other one might share the same dark con-

version properties or might be expressed at low concentrations
or have other spectral features that remain undetected by the
in vivo approach.

We decided to concentrate on the characterization of re-
combinant, poly-His-tagged Avpl and Avp2 to address this
question. The purification of both proteins from E. coli proved
difficult, however. Although expression levels of Avpl and
Avp2 were reasonably high, a predominant portion of the
proteins remained insoluble. By lowering the temperature dur-
ing recombinant expression, we could, however, obtain suffi-
cient amounts of soluble proteins. After Ni*" affinity chroma-
tography, it was possible to follow chromophore assembly
photometrically, to measure absorbance spectra of ground
states and photoproducts, and to follow dark conversion.

As shown in Fig. 5, recombinant Avp2 undergoes dark con-
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version of Pr to Pfr during or immediately after chromophore
assembly and after Pfr-to-Pr photoconversion. Thus, Avp2 is a
typical bathy phytochrome. It resembles Agp2 of A. tumefa-
ciens although assembly kinetics and dark conversion kinetics
of Avp2 are slower than those of Agp2. The difference spectra
of recombinant Avp2 match well with the in vivo difference
spectra of A. vitis although the more balanced AA4,,/AA45,
absorbance change ratio in the difference spectrum for dark
conversion after FR of recombinant Avp2 contrasts with the in
vivo measurement.

A different feature was found for recombinant Avpl. This
phytochrome assembles in the Pr form, with a maximum at 703
nm. The rate of assembly is again slow: Avpl requires ca. 6 h
for completion of assembly (Fig. 5D). Irradiation of the Avpl
adduct results in the formation of Pfr, which absorbs with a
maximum at 750 nm. However, photoconversion into Pfr
seems incomplete as the light-induced decrease at 700 nm is
larger than the concomitant increase at 750 nm (Fig. SE); i.e.,
a high AA4.,,/A45, . absorbance change ratio was observed
in the difference spectrum. This observation suggests that in
addition to Pr and Pfr, a third species is present in the irradi-
ated sample. Measurements during dark incubation corrobo-
rated this assumption: the Pfr form of recombinant Avpl is
stable in darkness, as the absorbance in the 750-nm range
remained unchanged over the observation time of 16 h. How-
ever, the Pr signal increased steadily during 16 h (Fig. 5F). This
increase must come from a third species that converts to Pr in
darkness. This species is termed Pbl (bleached phytochrome)
here. The three spectra of the dark-assembled, red-irradiated,
and dark-incubated Avpl samples may be used for empirical
estimations on the contents and spectral shapes of the photo-
products (see reference 2) because dark-assembled Avpl con-
tains only Pr, and the sample after irradiation with red light
and an 18-h dark incubation contains only Pr and Pfr. If the
fractions of Pr, Pfr, and Pbl were exactly known, the spectra of
pure Pbl and Pfr could be exactly calculated. Based on the
available data, it was not possible to obtain accurate values for
each fraction, but it was possible to estimate fraction ranges.
According to our analysis, the fraction of Pfr in the R-irradi-
ated sample lies between 0.5 and 0.55, and the fraction of Pr
directly after R is 0.22 or lower. The Pfr spectra that are
calculated under these assumptions are comparable with (cal-
culated) Pfr spectra of, e.g., Agpl. The spectrum of Pbl has
either a Pr-like shape in the red region (above 600 nm), or it
does not absorb at all in this wavelength range (Fig. 6). In
either case the Pbl extinction coefficient is significantly lower
than that of Pr or Pfr. We noted similarities of our Pbl pho-
toproduct with that of R. centenum Ppr. This PYP-phyto-
chrome chimeric protein assembles with BV and forms a Pr-
like adduct, which becomes bleached upon irradiation. The
Ppr photoproduct also undergoes dark conversion into Pr (23).
However, unlike Avpl, Ppr does not form Pfr. Most of our
calculated Pbl spectra (Fig. 6) are also reminiscent of MetaRc
spectra (3) and photoproduct spectra of Agpl mutants which
are arrested in their photocycle (41). We thus propose that Pbl
could be a photocycle intermediate, probably with a deproto-
nated chromophore, which is unable to undergo conversion
into Pfr.

In vivo spectroscopy with Rhizobiales containing single phy-
tochromes. We also performed spectral in vivo measurements

J. BACTERIOL.

——Pr753nm

— Pfi(fract 0.52) 754 nm
1 ——Pbl (0 Pr) 707 nm

0.254 ——Pbl (0.1 Pr) 704 nm

(——Pbl (0.15 Pr) 707 nm

——Pbl (0.2 Pr)716 nm

(——Pbl (0.22 Pr) 718 nm

absorbance

600 700 800
wavelength [nm]

FIG. 6. Avpl spectra. The black line shows the Pr spectrum of the
dark-assembled sample, the red line gives the calculated Pfr spectrum
under the assumption that the Pfr fraction in the red-irradiated sample
after 18 h of dark incubation is 0.52. The other spectra are calculated
for Pbl under the assumption that the Pfr fraction in the R-treated
sample is always 0.52, and the Pr fraction is 0, 0.1, 0.15, 0.2, or 0.22, as
indicated on the figure. The positions of the absorption maxima are
also given on the figure.

with cells of R. etli CIAT 652 (Fig. 7A), R. leguminosarum 3841
(Fig. 7B), A. caulinodans ORS 571 (Fig. 7C), X. autotrophicus
Py2 (Fig. 7D), and M. extorquens PA1. As noted above, each of
these bacteria contains a single phytochrome gene. These phy-
tochromes are denominated ReBphP, RIBphP, AcBphP, XaB-
phP, and MeBphP, respectively. We detected a phytochrome
signal in all strains with the exception of M. extorquens (data
not shown). All difference spectra of FR irradiated minus R
irradiated samples had maxima and minima around 700 nm
and 750 nm, respectively. The highest signal of all strains was
obtained for R. etli CIAT 652, which had a peak-to-peak value
above 0.02 AAA. The peak-to-peak values of the other strains
were between 0.01 and 0.02 AAA.

Phytochromes of A. caulinodans and R. leguminosarum
revealed a dark conversion of Pr to Pfr although dark con-
version of the latter species was not completed within the
1-h dark period. Thus, AcBphP and RIBhpP are thereby
directly assigned as bathy phytochromes. Dark conversion of
XaBphP proceeds from Pfr to Pr; this phytochrome may be
classified as normal or Agpl-like. In R. etli, a very weak
Pr-to-Pfr dark conversion was observed during the 1-h dark
incubation period. However, when an FR-treated sample
was incubated for 16 h in darkness, subsequent FR irradia-
tion induced clear photoconversion. In addition, we found
that FR induced photoconversion of completely dark-culti-
vated R. etli samples. This indicates that ReBphP undergoes
a very slow dark conversion of Pr to Pfr. Hence, we classify
ReBphP also as a bathy phytochrome. The AAA values that
were obtained by the initial FR irradiation of completely
dark-adapted samples or 16-h dark-adapted samples were
ca. 0.5-fold lower than AAA values obtained by subsequent
R to FR photoconversion. Thus, residual Pr is present in
dark-adapted samples. This Pr could be freshly synthesized
phytochrome. Bathy phytochromes are assembled in the Pr
form, which converts to Pfr during subsequent dark incuba-
tion. If the rate of dark conversion is slower than the rate of
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synthesis, it is to be expected that a significant fraction of
phytochrome is in the Pr form.

DISCUSSION

We have shown that phytochrome difference spectra can be
directly measured in bacterial cells. The methodology involves
concentration of bacterial cells by centrifugation, transfer of
the cell pellet into a measuring cuvette of appropriate dimen-
sions, UV-visible light spectroscopy with an Ulbricht sphere
which partially compensates for scattering losses, and the use
of strong actinic light in order to induce maximal photocon-
version. By this approach, one can easily obtain spectral infor-
mation of phytochromes in vivo as well as information on the
direction and kinetics of dark conversion within the cell.

A. tumefaciens. C58, which has two phytochromes, served as
a control for our studies. Both phytochromes are well charac-
terized as recombinant proteins, and A. tumefaciens knockout
mutants allowed measurements on strains in which only one
phytochrome was expressed. In vivo spectral properties and
dark conversion of Agpl and Agp2 matched well with those of
cell extracts and the recombinant proteins: Agpl and Agp2
undergo dark conversion of Pfr to Pr and Pr to Pfr in vivo,
respectively. We have previously reported that spectral prop-
erties of recombinant Agp2 are specifically modified by com-
pounds of the cell extract (22, 31). Our in vivo difference
spectra are well in accordance with those of Agp2 in cell
extracts and more dissimilar from those of the pure recombi-
nant protein.

A. vitis. S4 contains also two phytochromes, Avpl and Avp2.
Despite the close relationship between the two Agrobacterium

species, the phytochrome systems differ. In 4. vitis we observed
only Pr-to-Pfr dark conversion and not conversion in the re-
verse direction. The bathy feature corresponds to the proper-
ties of recombinant Avp2. According to our studies on recom-
binant Avpl, we consider this phytochrome as a new type of
phytochrome with a Pr ground state and two photoproducts,
Pfr and Pbl. Whereas Pfr of recombinant Avp1 was found to be
stable in darkness, the Pbl form undergoes dark conversion
into the Pr state. We did not observe a Pbl-to-Pr dark conver-
sion in our in vivo measurements. This is most probably due to
the interference with the dark conversion of Pr to Pfr of Avp2.
The net dark conversion of Avp2 after R proceeds from Pr to
Pfr, i.e., in the same direction as after FR (Fig. 5C), because R
also produces a significant amount of Pr. The weak dark con-
version of Avpl after R (Fig. 5B) is thus not seen in the in vivo
measurements. The photoconversion AA4-,,/AA4,5, absorbance
change ratios of recombinant Avpl (high), recombinant Avp2
(low), and the in vivo measurements (balanced) (Fig. 5A to C,
solid lines) suggest that both phytochromes are present in A.
vitis cells and that both contribute to the difference spectrum.
Please note that the absorbance change ratios of dark conver-
sion after FR differ between recombinant Avp2 and the in vivo
measurements as well.

The spectral in vivo analysis of knockout mutants might
show whether Avpl has also unusual spectral characteristics in
vivo.

Altogether, five phytochromes (Agp2, Avp2, ReBphP,
RIBphP, and AcBphP) characterized in the present study be-
long to the bathy phytochromes, whereas only two (Agpl and
XaBphP) showed a normal dark conversion of Pfr to Pr, and
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one (Avpl) revealed unusual spectral properties. With the
inclusion of all spectrally characterized Rhizobiales phyto-
chromes, a similar picture emerges: in this group there are nine
bathy phytochromes, seven phytochromes with a Pfr-to-Pr dark
conversion, and three to four phytochromes with unusual spec-
tral properties. Thus, the bathy phytochromes obviously dom-
inate among the Rhizobiales, and they are most frequently
represented in plant-interacting nodule-forming soil bacteria.
Indeed, it is expected that the light regime in the soil is rich in
long-wavelength far-red light. First, the green canopy filters
almost all visible light, whereas long-wavelength red and infra-
red light is only weakly absorbed by photosynthetic pigments
(9, 38). Second, long-wavelength red light penetrates deeper
into the soil than shorter wavelengths, an effect which is
independent of the soil type (38, 43). Third, plant stems and
plant roots function as light vessels that guide light into the
soil (39). In this case, far-red light in the range of 750 nm has
the highest transmission rates. This effect might be espe-
cially important for bacteria that undergo symbiosis with
plant roots.

Origin of bathy phytochromes. With the increased number
of bathy phytochromes, we can now shine more light on the
evolutionary origin of this particular subgroup. In the phylo-
genetic tree which comprises phytochromes of Rhizobiales to-
gether with representatives of other groups, we have indicated
all 10 bathy phytochromes (Fig. 2, brown dots). Seven of these,
PaBphP, RpBphP5, Agp2, Avp2, AcBphP1, ReBphP, and
RIBphP, are found within a cluster of 16 phytochromes which
comprise all 15 phytochromes with a type 2 domain arrange-
ment and 1 phytochrome, PaBphP, with a type 1 domain ar-
rangement. This last phytochrome is from a species that does
not belong to the Rhizobiales. It has been included in our
analyses because its photochemical and structural details
are well known (40, 44). However, we assume that the
grouping of PaBphP together with the type 2 phytochromes
does not reflect a close relationship but is the consequence
of a convergent evolution or domain rearrangement in the
evolution of PaBphP because of the dissimilar C-terminal
moieties (HWE histidine kinases with a response regulator
in the type 2 and classical histidine kinase without a re-
sponse regulator in type 1 phytochromes). The only excep-
tion among the type 2 cluster with respect to dark conver-
sion is the unusual A4. vitis phytochrome Avpl. The dark
conversion properties of the other members of the type 2
cluster are as yet unknown. It is very likely that the common
ancestor of the type 2 phytochromes was a bathy phyto-
chrome and that Avpl has undergone a reversion into a
phytochrome with a Pr ground state.

There are then also three other Rhizobiales bathy phyto-
chromes outside the type 2 cluster, BrBphP1, RpBphP1, and
RpBphP6. These phytochromes are found in a separate cluster
of our phylogenetic tree which comprises phytochromes with
the type 1 (RpBphP6) and type 3 domain arrangements. Dark
conversion of other phytochromes of this cluster has as yet not
been analyzed. Also these phytochromes might have originated
from a common bathy phytochrome ancestor.
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