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An enrichment culture of Candidatus Brocadia fulgida was identified by three independent methods:
analysis of autofluorescence using different microscope filter blocks and a fluorescence spectrometer,
fluorescence in situ hybridization (FISH) with anammox-specific probes and partial sequencing of the
16S rDNA, hydrazine synthase hzsA and hydrazine oxidoreductase hzo. The filter block BV-2A (400-440,
470 LP, Nikon) was suitable for preliminary detection of Ca. B. fulgida. An excitation-emission matrix
revealed three pairs of excitation-emission maxima: 288-330 nm, 288-478 nm and 417-478 nm. Sev-
. eral autofluorescent cell clusters could not be stained with DAPI or by FISH, suggesting empty but intact
Hydrazine synthase hzsA . .. .. .
Hydrazine oxidase hzo cells (ghost cells) or inhibited permeability. Successful staining of autofluorescent cells with the FISH
FISH probes Ban162 and Bfu613, even at higher formamide concentrations, suggested insufficient specificity
Candidatus Kuenenia stuttgartiensis of Ban162. Under certain conditions, Ca. B. fulgida lost its autofluorescence, which reduced the reliabil-
Candidatus Brocadia fulgida ity of autofluorescence for identification and detection. Non-fluorescent Ca. Brocadia cells could not be
stained with Ban162, but with Bfu613 at higher formamide concentrations, suggesting a dependency
between both parameters. The phylogenetic analysis showed only good taxonomical clustering of the
16S rDNA and hzsA. In conclusion, careful consideration of autofluorescent characteristics is recom-
mended when analysing and presenting FISH observations of Ca. B. fulgida to avoid misinterpretations
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and misidentifications.

© 2018 Elsevier GmbH. All rights reserved.

Introduction

Anammox (anaerobic ammonium oxidizing) bacteria have been
reported from many ecosystems and manmade habitats [3,18].
Their anaerobic chemolithoautotrophic equimolar conversion of
ammonia and nitrite into nitrogen gas plays an importantrole in the
global nitrogen cycle besides denitrification [23] and might amelio-
rate the negative effects of excess anthropogenic nitrogen [15,24].
In several ecosystems, this has been suggested as the main nitrogen
sink [37]. The anammox process is a promising tool for removing
nitrogen, especially from nitrogen-rich and carbon-poor wastewa-
ters [49], although handling is difficult and the growth rate is very
slow [23]. Nevertheless, besides many small-scale approaches, the
process has been implemented successfully several times in large-
scale wastewater treatment plants [49].

The five known Candidatus genera Kuenenia, Scalindua, Broca-
dia, Jettenia and Anammoxoglobus are monophyletic and deeply
branched from within the Planctomycetes [7,37,45]. Culture-
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independent methods, such as fluorescence in situ hybridization
(FISH), the amplification and sequencing of the 16S rDNA or other
anammox-specific genomic regions, such as hydrazine oxidase
(hzo) or hydrazine synthase (hzs) targeted by many anammox-
specific primer sets [33,32,17], are the most common tools for
detection and identification of these bacteria [10]. Hydrazine syn-
thase produces hydrazine, a unique anammox intermediate from
nitric oxide and ammonium, and it has been used as a specific
biomarker for anammox bacteria [16,17,25]. Hydrazine oxidore-
ductase is an essential enzyme that dehydrogenates hydrazine to
dinitrogen gas [25], and it was the first functional gene used for
detecting anammox bacteria [16]. It has been found in many differ-
ent types of environments [16,32] and, although many sequences
are available, only a few identified sequences have been published
[7,9,17,20,26,33,52]. Therefore, genomic data banks still require
reliably identified sequences in order to provide sufficient infor-
mation for the identification of the rapidly increasing number of
shot gun sequences and for detailed phylogenetic analysis. More-
over, identification by sequencing is often limited by few database
entries of identified strains that have poor coverage [15,52].

For FISH, there are many available probes for different taxo-
nomic specificities [45], making this method a powerful tool for
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the identification of anammox species. However, failures of this
technique have also been reported [21,34].

In addition to molecular techniques, a so far unique autofluores-
cence characteristic of Candidatus Brocadia fulgida was identified
several years ago by Kartal et al. [27] and the study is still the
only detailed analysis of this tendency. These authors reported two
excitation maxima at 352 and 442 nm with corresponding emis-
sion maxima at 464 and 521 nm. The appearance was described as
doughnut-shaped in contrast to the commonly reported crested-
or sickle-shaped form of anammox cells after FISH or DAPI stain-
ing [29]. Although many studies have referred to this characteristic,
autofluorescence has only been reported a few times [12,13,26,45],
and has barely been acknowledged in the literature [8]. On the
contrary, it might have been unintentionally combined with FISH
analysis eventually causing misinterpretation [19].

The current study presents the identification of a Ca. B. fulgida
[26] enrichment biomass, the second candidatus status in the Bro-
cadia cluster besides Ca. B. anammoxidans, Ca. B. sinica [23] and
Ca. B. caroliniensis [50]. Ca. B. fulgida can outcompete other anam-
mox species by utilizing acetate as an electron source [22,23,27]
and could be successfully combined with denitrifying bacteria at
elevated carbon concentrations [21]. It is been used in full-scale
anammox wastewater treatment plants [17] in combination with
the nitrifying and denitrifying bacteria [31] found in granules in
a single stage sequencing batch reactor [34] or as biofilm in mov-
ing bed reactors [51]. It is also present in aquatic, especially fresh
water, environments [20,53]. The species was identified by stain-
ing with taxon-specific FISH (fluorescence in situ hybridisation)
probes and sequencing of 16S rDNA, hydrazine synthase (hzsA) and
hydrazine oxidoreductase (hzo) gene fragments that also included
a phylogenetic analysis. Detailed measurements of the autofluo-
rescent pattern were also provided, which were slightly different
to previous reports [27], and its consequences for FISH analysis
and its suitability for detection and identification are discussed. We
also question the taxonomic specificity of the FISH probe Ban162
and autofluorescence as a truly unique feature of Ca. B. fulgida. The
results are compared with a second enrichment culture containing
Ca. B.fulgida and Ca. K. stuttgartiensis in order to verify the findings.
As a result, autofluorescence in combination with an appropriate
filter set is suggested as a suitable method for detecting and iden-
tifying Ca. B. fulgida under specific conditions. However, we also
report the disappearance of the autofluorescence and discuss the
possible causes.

Materials and methods
Origin of the biomass

In this study, the autofluorescent characteristics of two differ-
ent anammox enrichment cultures were compared. The first was
provided by another institution, originally classified as Candida-
tus B. anammoxidans, and was further cultivated and enriched in
a laboratory-scale bioreactor consisting of a 1L Schott glass bottle
with an airtight four-port cap. Over a period of 1.5 years, the content
of the reactor was discontinuously mixed by a magnetic stirrer at
300 rpm for 15 min every 30 min. During this time, a major propor-
tion of the biomass became loosely attached to the inner walls of the
glass bottle. The reactor was kept in the dark at aroom temperature
between 16 and 20°C with a pH between 7.8 and 8.4. The reac-
tor was fed via a peristaltic pump with 50-100 mLday~! synthetic
medium [11] containing between 1 to 5gL~! (NH4),S04 and 0.8
to 4gL-1 KNO; or occasionally with ammonia and nitrite enriched
effluent from a nearby wastewater treatment plant (mean BODs:
5mgL-!, mean pH: 7.0). Ammonia was added at a ratio of 1.1-1.4
(NH4-N):1(NO,-N), which was above the suggested ratio of 1:1.3

[47] to avoid ammonia limitation and enable potential nitrification
to eliminate uncontrolled minimal oxygen input via the apparatus
tubes and joints. The feed concentrations of ammonia and nitrite
were adjusted according to the consumption to maintain the nitrite
reactor concentration below 1 mM in order to avoid an uncon-
trolled increase above inhibiting concentrations [49]. The feed was
always flushed with nitrogen gas for 30 min and 1 min with CO, to
balance the pH between 6.8 and 7.5. For performance tests, syn-
thetic medium with a retention time of 2.4 days was used. During
the performance tests, the feed concentration was increased step-
wise. The reactor could metabolize up to 98 mg NH4-N and 135 mg
NO,-N per litre and day at a ratio (NH4-N:NO,-N) of 1:1.38 +£0.18
(n=18). The enrichment of the anammox biomass could only be
estimated as approximately 50% by FISH and by autofluorescence
observations (as described below), since the anammox clusters
were very difficult to break apart.

The second biomass was taken from another laboratory-scale
reactor containing a mixture of Ca. B. fulgida and Ca. K. stuttgartien-
sis (60% and 40% of the total anammox biomass) [6]. The bacteria
grew as a biofilm and the reactor was run under high saline con-
ditions for more than 6 months prior to analysis with NaNO, and
NH4CI as nitrogen sources.

Sample preparation, DNA extraction and PCR

DNA from 200 p.L fresh biomass was extracted with extrac-
tion buffer/chloroform and isopropanol according to Rathsack
et al. [41]. The DNA samples were resuspended in 100 uL
nuclease free water (Quiagene). The PCR mix contained pure
water (13.4 L), DreamTaq™ GreenBuffer (Thermo Fisher Scien-
tific) + MgCl, (2.5 p.L), forward and reverse primers (TIB Molbiol,
Germany) (1 wL, 25 M), BSA (1 pL, 20mgmL-1), dNTP (0.5 pL,
10 mM), DMSO (0.5 p.L), DreamTaq™ DNA Polymerase (Thermo
Fisher Scientific) (0.1 wL, 5U) and 5 pL DNA extract from a step-
wise ten-fold dilution series to exclude possible contamination and
inhibitors. Three different regions of the genome were amplified
and sequenced. The 16S rDNA was amplified with the anammox-
specific forward primers Pla46F (GAC TTG CAT GCC TAA TCC)
[36] and Amx368 (TTC GCA ATG CCC GAA AGG) [22], and the
reverse primer brod1260r (GGA TTC GCT TCA CCT CTC GG) [39],
the universal primer 1392r (ACG GGC GGT GTG TAC) [39] and
Amx820 (AAA ACC CCT CTA CTT AGT GCCC) [5], which is more
specific to the Ca. Kuenenia-Brocadia cluster [44]. The genomic
DNA of the hydrazine synthase hzsA subunit was amplified and
sequenced with the forward primers hzsA_526F (TAY TTT GAA GGD
GAC TGG) [17] and hzsA_1597F (WTYGGKTATCARTATGTAG) [17]
and the reverse primer hzsA_1857R (AAABGGYGAATCATARTGGC)
[17]. A third region of the genomic DNA of hydrazine oxidase was
sequenced with the primer pair hzo AB4F (TTG ART GTG CAT
GGT CTA WTG AAAG) and hzo AB4 R (GCT GAC CTG ACC ART
CAGG) [18]. DNA was amplified with a thermal cycler Primus 96
plus (MWG-Biotech AG) and the following protocols: 16S rDNA
for 5min at 94°C, 10 cycles for 60s at 94°C, 60s at 50°C, 90s
at 72°C and 20 cycles for 60s at 94°C, 60s at 54°C, 60s at 72°C
and final annealing for 10 min at 72°C; hzsA and hzo fragments
for 5min at 94°C, 30 cycles for 60s at 94°C, 60s at 54°C, 90s
at 72°C and final elongation 10 min at 72°C. PCR products were
visualized with a one-fold TAE buffered agarose gel (1% for 16S
rDNA, 1.5% for hzsA DNA, 100V, 60 min), stained with ethidium
bromide (0.2mgL-1) and compared to a MassRuler DNA Ladder
Mix (Thermo Scientific, Schwerte, Germany). For sequencing, the
PCR products of the highest dilution step with a solid band were
used. The PCR products were sequenced with BigDye Version 1.1
and the sequencer Abi Prism 310 at the Carl-Thiem-Hospital, Cot-
tbus. Sequences were edited and aligned with BioEdit 7.2.5 [14]
and compared against the NCBI GenBank database using a BLAST
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Table 1
Name, excitation and emission wavelengths of fluorescence microscope long-pass
filter sets used to determine the autofluorescent properties of Candidatus Brocadia
species.

Filter set Excitation Emission
UV-2A 330-380 420 LP
BV-2A 400-440 470 LP
B-2A 450-490 515 LP
G-2A 510-560 590 LP

search. The sequences obtained were deposited in the database
under accession numbers KU682542 and KY780955.1 (16S rDNA),
KU682543, KX227384 and MH366514 (hzsA), and KU682543.1 and
KY780956.1 (hzo). Phylogenetic trees were constructed with the
software MEGA 6.06 [48] by combining own sequences with the
most related sequences from a BLAST search and representative
identified examples of the other anammox genera obtained from
NCBI. The maximum likelihood, neighbor-joining and minimum-
evolution methods were compared in combination with bootstrap
reliability tests (500 cycles).

Autofluorescence analyses

Autofluorescence and FISH analyses were performed with an
epifluorescence microscope (Nikon Eclipse LV 100 with a DS-Fi1l
camera), the filters listed in Table 1 and the Nikon software NIS-
Elements BR. All filter sets were the long-pass filter type, which
lets light above a specific wavelength pass through. For detailed
measurements, photomicrographs of the same region of interest
(ROI, 10 x 10 wm) were taken with all available filter sets (Table 1).
The colour photomicrographs were split into the three RGB chan-
nels (Fig. 2) and the mean pixel intensity (range 0-255) of the ROI
for each channel was measured and the sum of the intensities was
calculated (Fig. 3).

The autofluorescence was further analysed using a microplate
Labsystems Fluoroskan Il (GMI Inc.) reader. Samples from the reac-
tor were ultrasonically treated (Sonorex Super RK 510H, BANDELIN
electronic GmbH & Co., KG, Germany) for 4 min. Then, 200 .L were
placed into six wells that were measured three times at all avail-
able and possible combinations of excitation (355, 485, 544 and
584 nm) and emission wavelengths (460, 538, 590 and 612 nm).
To combine the results of both experiments, the emission inten-
sity was normalised to a percentage scale with blue emission at a
UV-excitation representing 100%.

Finally, the autofluorescence of both anammox enrichment cul-
tures was analysed with an Aqualog fluorescence spectrometer
(Aqualog 3.6.7.43, HORIBA Scientific, HORIBA Jobin Yvon GmbH,
Germany) by creating a three dimensional excitation-emission
matrix (EEM; for example see Ref. [2]). The biomass was homoge-
nized by sonication to disperse larger flocks and clusters to avoid
rapid sedimentation. Subsamples were centrifuged for 10 min at
5000¢g and the autofluorescent properties of the cell-free super-
natant were analysed. The feeds for both cultures were also
analysed to exclude the components of the media as a source
of autofluorescence. The data were processed with the software
Origin Pro 8.5.1. (OriginLab Corporation, USA). In addition, the
emission intensity was measured at different optical densities to
determine the influence of turbidity on the fluorescence measure-
ments.

Fluorescence in situ hybridization

FISH samples were prepared according to established protocols
(Table 2) [3,26,43] from appropriate diluted samples fixed with
4% paraformaldehyde solution, washed with phosphate buffered
saline (PBS), air dried on a hybridization slide and dehydrated

with ethanol. Samples were hybridized with the Texas Red-labelled
probes Pla46 specific for Planctomycetales, and therefore for all
anammox bacteria [3,36], Ban162 specific for Ca. B. anammoxi-
dans [45], Bfu613 specific for Ca. B. fulgida [27], and Kst157 specific
for Ca. K. stuttgartiensis [43]. Samples were analysed with the G-
2A filter block (Table 1) on a Nikon Eclipse LV 100. As a positive
control for successful hybridization, subsamples were hybridized
with EUB338-I [3]. As a counterstain and to support the detection
of DNA in the cells, some samples were counter stained with DAPI
(1 pgmL~1). The sensitivity of the probes Ban162 and Bfu613 were
later increased by increasing the formamide concentration twice
from 40% to 45% and 50%, and from 30% to 35% and 40%, respec-
tively, with the corresponding salt concentrations in the washing
buffer (Table 2).

Results and discussion
Autofluorescence

The autofluorescence of the reactor biomass was microscopi-
cally studied with excitation wavelengths from UV light to green
light, and emission in the range from blue to red. Except for the
red emission, there was always significant autofluorescence visible
(Figs. 1 and 5). The excitation range of 400-440 nm (filter set BV-
2A) resulted in the highest emission intensities in all RGB cannels
(Figs. 1 and 2a). It was twofold, fourfold and tenfold compared to
UV, blue and green excitation, respectively. The sum of the inten-
sities, the combined mean intensity within the ROI of all three RGB
(red, green, blue) channels (Fig. 2b), was highest (600) at an excita-
tion wavelength of 400-440 nm (filter set BV-2A) compared to 200
at ultra-violet excitation (UV-2A: 330-380nm), 50 at blue excita-
tion (B-2A: 450-490 nm), and only 2.5 at green excitation (G-2A).

With the microplate reader, autofluorescence was highest at the
available excitation wavelength 355 nm (UV). It was 100% (20.6) at
blue emission (emission filter 460 nm), only 25% (5.2) at 538 nm
(green), and 6% (1.3) at 590nm (Fig. 2a). Excitation at 485nm
resulted in an emission of 26% (5.4), whereas the emissions at the
remaining combinations were below 10% compared to the best
combination (Table 2).

The results suggested an autofluorescence maximum at an exci-
tation wavelength between UV light (330-380 nm) and blue light
(450-490 nm) in the range of the BV-2A filter set (400-440) with
an emission maximum between blue and green.

Subsequent detailed measurement with a fluorescence
spectrometer revealed three pairs of excitation and emis-
sion maxima at 288:330nm (270-295nm:315-360 nm),
288:478nm  (270-295nm:460-510nm) and 414:478 nm
(380-430nm:450-520nm) (Figs. 3 a and 4). All pairs were
caused by the biomass and seemed to belong to particulate matter
or were strongly associated with the biomass, since the centrifuged
reactor medium and reactor feed were non-fluorescent (Supple-
mentary Fig. A). The first pair was far below the performance of
regular microscopes and natural visibility. The pair at 261-478 nm
seemed to be negligible compared to the pair at 288-478 nm.
The emission intensity at 478 nm after 417 nm excitation was
approximately 80% of the emission at 330 nm after 288 nm exci-
tation. The emission intensity at 478 nm after 288 nm excitation
was approximately 35% compared to the emission at 330 nm. In
addition to the measured emission maxima, contrary dependen-
cies of the emission intensity to increasing optical densities of
the sonicated biomass were observed at different wavelengths
(Fig. 3b). At 288 nm excitation, the emission intensity at 330 nm
increased steadily with increasing amounts of suspended solids.
The emission intensity at 478 nm after 288 nm emission remained
roughly constant but with a decreasing tendency. The intensity of
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Table 2

Formamide concentration in the hybridization buffer and corresponding salt concentration in the washing buffer for the different FISH probes applied.
Probe Formamide % NaCl mM Sequence
EUB338-1[3] 0-50 0-0.2 5'-GCTGCCTCCCGTAGGAGT-3'
Pla46 [3,36], 30 0.1 5'-GACTTGCATGCCTAATCC-3'
Kst157 [43] 25 0.15 5'-GTTCCGATTGCTCGA AAC-3’
Bfu613 [27] 30 0.1 5'-GGATGCCGTTCTTCCGTTAAGCGG-3’
Ban162 [45] 40 0.046 5'-CGGTAGCCCCAATTGCTT-3’
Bfu613 35 0.07
Ban162 45 0
Ban162 +Bfu613 40 0.046
Ban162 50 0

Fig. 1. Fluorescence microscope photomicrographs of autofluorescent anammox biomass (excitation at 330-380, 400-440 and 450-490 nm) as combined RGB channels
(top) and separate RGB channels (grey scale) for a better comparison of the emission intensity. The square marks the area of emission intensity measurement (region of

interest: ROI). Bar=10 pm.

the most important and unique autofluorescence (417-478 nm)
reached the highest values at the tested OD of 0.15 with a strong
decline at higher suspended solid concentrations. Therefore, it is
recommended that similar tests are performed with different ODs
when analysing autofluorescence by photometric methods.
Detailed analyses of the second biomass revealed a fluorescence
maximum at 330 nm after 288 nm excitation, which was clearly
visible in the cell suspension and the cell free supernatant (Fig. 3¢
and d). Autofluorescence was produced by the biomass, since the
feed was not fluorescent. However, compared to the first described
Ca. B. fulgida biomass it was not strongly associated with the cells,
since it was caused by suspended or dissolved substances as well.
The other peaks of the pure Ca. Brocadia biomass (288-478 nm
and 417-478 nm) were missing in the mixed enrichment cul-

ture. Apparently Ca. B. fulgida lost its autofluorescent properties
at 288-478 nm and 417-478 nm under the conditions in the sec-
ond enrichment culture, which was confirmed microscopically by
non-fluorescent but Bfu613-stained cell clusters (Supplementary
Fig. B). Several reasons for the loss of autofluorescence are possi-
ble: different osmolarity caused by higher salt concentrations in the
second mixed culture, the use of NaNO, and NH4CL instead of KNO,
and (NHg4),S04, or an unknown type of interaction or competition
between both anammox species.

The observed autofluorescence of Ca. B. fulgida has already been
described by Kartal et al. [26,27] and by Schmid et al. [45] for an
incompletely described species. However, they observed only two
excitation maxima at 352 and 442 nm with corresponding emis-
sion maxima at 464 and 521 nm, which was quite different to the
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Fig. 3. a: Autofluorescent properties of Candidatus Brocadia fulgida at excitation wavelengths from 210 to 600 nm and emission wavelengths from 211 to 620 nm. Darker
areas indicate increasing emission intensities. Horizontal dotted lines indicate the excitation wavelength of different microscope filters, whereas vertical dotted lines together
with the arrows indicate the emission wavelength of the long-pass filters. The horizontal white lines show the transects of the emission curves in Fig. 4 with the corresponding
line shape. The diagonal dark area is the result of light dispersion caused by the turbidity of the biomass solution (Rayleigh-Tyndall effect); b: dependency of the emission
intensity at different wavelengths and different optical densities (ODggo); € and d: autofluorescent properties of a second anammox enrichment biomass containing Ca. K.
stuttgartiensis and Ca. B. fulgida, as well as the supernatant of centrifuged biomass. The emission intensity is in arbitrary intensity units.

observations in the current study. Kartal et al. [27] suggested that
EPS polymers were responsible for the Ca. Brocadia autofluores-
cence, while Van de Graaf et al. [11] reported strong absorption
at 420 nm caused by increasing cytochrome content for an incom-
pletely described anammox species, which might correspond to our
observed excitation maximum at 417 nm. The BV-2A filter has been

used previously by Kastner et al. [28] for the detection and quantifi-
cation of methanogenic Archaea. For these bacteria, different factors
or coenzymes, especially F35¢ and F49, have accounted for this type
of autofluorescence [4,28,46]. With regard to the spectrophotomet-
ric results and the microscopic observations, it was assumed that
the 478 nm autofluorescent substances or structures were certainly
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outside the cell but strongly associated with the cells. A previously
proposed autofluorescent EPS could be a likely explanation for this
phenomenon. However, the identification of the substances and
a possible correlation with environmental conditions, activity or
stress needs further research. Nevertheless, it is not certain at this
point whether these characteristics are unique to Ca. B. fulgida or
are shared by other Ca. Brocadia species due to the poor coverage in
the literature. The origin of the autofluorescence at 330 nm remains
unclear, since several substances are fluorescent in this region [2].

Under the microscope, larger clusters especially showed flu-
orescence, although smaller groups and single cells did as well
(Figs. 2 and 5). Only the margin of the cells was fluorescent, the
cell interior remained dark. The autofluorescent structures could
be described as hollow- or doughnut-shaped (Fig. 5), which has
been described previously by Kartal et al. [26,27]. The photomicro-
graphs of an incompletely identified Ca. Brocadia strain by Giiven
et al. [12,13] suggested a similar morphology. The stained struc-
tures after application of FISH and DAPI, however, were rather
sickle-shaped, as described for anammox bacteria in general [30]
due to the large anammoxosome [29,26], and they were clearly
inside the autofluorescent ring (Fig. 5). In contrast to Kartal et al.
[27], autofluorescent single cells could be detected in untreated
fresh samples, although this might be the result of sample prepa-
ration or stirring in the reactor. Photomicrographs from another
study [8] have suggested similar observations.

It was further concluded that the detection of autofluorescence
at 410-425 nm excitation and 460-480 nm emission wavelengths
(filter set BV-2A)in combination with the unique morphology of the
fluorescent structures could be used as a first and simple method
for detection and identification of Ca. B. fulgida directly in native
and conserved samples. However, the absence of this fluorescence
cannot exclude the presence of Ca. B. fulgida, since autofluores-
cence is not present under certain conditions, as shown in this
study. Consequently, additional molecular tests will be essential in
order to confirm the detection. Furthermore, only the combination
with FISH or DAPI can truly detect living Ca. B. fulgida cells, since
the fluorescent structures remained intact even after assumed cell
death.

Fluorescence in situ hybridization

The strong autofluorescence of the first described Ca. B. fulgida
biomass in blue and green might have had a large influence on the

FISH analyses. In the study, green autofluorescence was as bright
as the red FISH signal, which might be misinterpreted as positively
green-labelled bacteria (Fig. 6). This type of interference by autoflu-
orescence with FISH measurements has already been mentioned by
Kartal et al. [27]. Therefore, it was concluded that some reported
observations of FISH-labelled Ca. Brocadia cultures [12,13] might
have been affected by this autofluorescence, either causing misin-
terpretation [19] or eventually leading to false positive or at least
altered FISH signals. Therefore, great care must be taken when sin-
gle or mixed cultures of Ca. B. fulgida are analysed microscopically,
and comparison with non-labelled biomass is recommended when
fluorescence microscope observations of Ca. Brocadia biomass are
being reported.

Texas Red-labelled FISH probes were used because of the strong
green autofluorescence. The probes Pla46, Ban162 and Bfu613
successfully labelled the autofluorescent biomass at commonly
applied formamide concentrations (Figs. 5-7, Supplementary Fig.
B), whereas Kst157 did not stain any cells. In the first described pure
Ca. Brocadia enrichment culture, all FISH positively stained cells
were autofluorescent. However, not all autofluorescent cell clusters
could be stained with either DAPI or FISH probes, as seen in Fig. 7
and Supplementary Fig. C in the red circles, suggesting empty dead
cells (ghost cells) with an intact autofluorescent cell wall or EPS.
EPS impermeability was also possible but in our opinion this was
less likely, since no differences were observed in the autofluores-
cent intensity and morphology between stained and non-stained
cells. According to Schmid et al. [45], probe Ban162 is specific for
Ca. B. anammoxidans, while Bfu613 is specific for Ca. B. fulgida [27].
Nevertheless, the same autofluorescent biomass could be stained
with both probes (Supplementary Fig. B) at published stringen-
cies. Assuming a mixed culture, similar autofluorescent patterns
of both species could explain this observation, although autoflu-
orescence has been described to date only for Ca. B. fulgida. In
addition, the sequencing results suggested only the presence of
Ca. B. fulgida. On the other hand, if autofluorescence was truly
unique to Ca. B. fulgida, Ban162 was less specific than assumed
and labelled Ca. B. fulgida as well, which has not been reported
to date in the literature. A BLAST (NCBI) search revealed 100%
identity of Bfu613 with our and other Ca. B. fulgida isolates, such
as JQ864319.1. Surprisingly, a 100% match was also found with
Ca. Kuenenia entry KX020506.1, although this might have been a
misidentification. For Ban162, several 100% matches were found
with Ca. B. caroliniensis KF810110.1, JF487828.1, Ca. B. fulgida
DQ459989.1, EU478693.1 and Ca. B. anammoxidans, AF375994.1.
These findings supported the assumption that Ban162 was not
as specific as originally reported. However, since the probe was
designed more than a decade ago based on a much smaller number
of sequences the specificity could not be estimated any better at
that time.

The specificity of both probes (Ban162 and Bfu613) was fur-
ther tested on both anammox enrichment cultures with stepwise
increasing formamide concentrations in comparison to the com-
monly used 30% and 40% (probeBase [1,8,27,32,40]), which should
have increased the sensitivity of the probes. Bfu631 and EUB338-1
could stain both enrichment cultures also at 35% and 40% for-
mamide concentrations (Supplementary Fig. B). Ban162 could stain
the autofluorescent biomass at 45% and 50% (Supplementary Fig.
B), whereas it failed at a concentration of 45% for the second mixed
non-fluorescent culture (Supplementary Fig. B). Since there was
always high variability in the fluorescence intensity between dif-
ferent cell clusters, a change of fluorescence intensity between
different formamide concentrations could not be confirmed. Most
of the Ban162 negative cells were stained with DAPI (Supplemen-
tary Fig. B), which excluded the possibility of empty dead cells.
Therefore, it is proposed that Ban162 is not specific for Ca. B. anam-
moxidans at the established formamide concentration of 40%, but
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Fig. 5. a: Combination of autofluorescence and DAPI staining; b: combination of autofluorescence and FISH (Bfu631). Bar=10 wm.

Fig. 6. Fluorescence microscope photomicrographs of anammox biomass stained with DAPI (a), FISH probe Pla46 (b), and showing autofluorescence with filter set B-2A (c).

Bar=10 pm.

Fig. 7. Fluorescence microscope photomicrographs of anammox biomass stained with DAPI (a), FISH probe Pla46 (b), and showing autofluorescence (c). Red circles indicate
areas with DAPI and an autofluorescent signal but with no signal after FISH staining, whereas white circles indicate areas with signals after all three treatments. Bar =10 pm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

it can stain Ca. B. fulgida under certain conditions even at 50% for-
mamide. Since Ban162 binds within the helical structure of 16S
rRNA, an optimum concentration of formamide is especially impor-
tant in order to open the helix, although this is also difficult to
predict. Eventually, other older FISH probes need to be re-evaluated
for their optimum stringency and specificity regarding the much
larger number of available sequences. Apparently, the autofluo-
rescent property has an influence on FISH staining, either during
binding or the removal of the FISH probes, although the reasons
for this phenomenon remain unclear. Whether this has caused
misidentification in previous studies cannot be concluded but it
seems possible, since the Ca. Brocadia biomass described here was
originally identified as Ca. B. anammoxidans BY Ban162 and it
was autofluorescent from the beginning. In this context, the co-
occurrence of both species tested by FISH [8] might be questionable.

PCR and sequencing

The identification by fluorescence microscopy and FISH was
confirmed by the sequencing of three different regions: 16S rDNA,
hzsA and hzo. The comparison of the obtained 16S rDNA sequence
with other entries listed in the NCBI GenBank resulted in only a
few matches with identified entries having 95% identity or more,
including Ca. B. fulgida [52], Ca. B. sinica [38], Ca. B. caroliniensis
[50] and Ca. B. anammoxidans [42]. The Ca. Brocadia culture in the
current study fitted well in the Ca. Brocadia cluster and was nearly
identical with other Ca. B. fulgida entries (Fig. 8a), which supported
the previous identification. All three tree-building procedures used
resulted in similar phylogenetic trees with slightly different boot-
strap values. Generally, all anammox genera clustered very well,
and identification with the 16S region seemed very reliable, which
has also been reported by other studies [16,35,40]. However, dur-
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Fig. 8. a: 16S maximum likelihood in combination with the bootstrap reliability
tests (500 cycles) with the entry from this study marked; b: phylogenetic tree with
an additional entry for Ca. K. stuttgartiensis. Other genera branches from a. are
collapsed. The bar indicates 2% and 10% estimated sequence divergence respectively.

ing the analysis, one Ca. K. stuttgartiensis (LT934425.1) entry did
not fit this assembly (Fig. 8b) but the reason remained specula-
tive. Several distinct clusters of Ca. K. stuttgartiensis have at least
been reported based on the hzo gene sequence [16,33], although
incorrect identification or editing also seems possible.

In contrast to the 16S rDNA entries, the number of identified hzo
sequences was very low for all anammox genera. As seen in Fig. 9,
there was no clustering of the anammox groups, and the sequence
was not closely associated with other Ca. B. fulgida entries, although
it was very similar to many unidentified GenBank entries. There-
fore, reliable identification would have been impossible. The results
of the amino acid sequence analysis were similar to the nucleotide
sequences in that the groups were not well clustered and the entry
from the current study was not closely associated with the other
Ca. B. fulgida records. Consequently, for a detailed phylogenetic
analysis, more identified sequences and further studies would be
needed.

The sequence of the hzsA subunit was related most closely to
one entry identified as Ca. B. fulgida [17] with 100% identity and
100% coverage, and to other unidentified sequences (Fig. 10). All
other matches had less than 60% coverage or 99% or less percentage
identity. Among these were entries of Ca. B. anammoxidans and Ca.
]. asiatica with 82% identity. The few identified sequences of Ca.
Brocadia, Ca. Kuenenia and Ca. Jettenia clustered well. Overall, the
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Fig. 9. hzoAB maximum likelihood in combination with the bootstrap reliability
tests (500 cycles). The entry from this study is marked. The bar indicates 10% esti-
mated sequence divergence respectively.
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Fig.10. hzsA maximum likelihood in combination with the bootstrap reliability tests
(500 cycles). The entry from this study is marked. The bar indicates 10% estimated
sequence divergence respectively.

number of identified sequences was very low, which reduced the
suitability of the hzsA subunit as a reliable tool for identification.

Conclusions

The study successfully identified an anammox enrichment
culture as Candidatus Brocadia fulgida with three independent
techniques. Microscopically observed autofluorescence together
with the specific morphology described as doughnut-shaped
confirmed previous descriptions. However, by generating an
excitation-emission matrix the measured maxima were different
to previous descriptions. Therefore, the microscope filter set BV-
2A or other filters covering the excitation and emission maxima
of 417-478 nm are recommended for fast specific detection of this
species, assuming that Ca. B. fulgida is the only species with this
characteristic. However, the absence of autofluorescence does not
guarantee the absence of this species, since the documented loss
of autofluorescence under certain, as yet unspecified, conditions
canresult in false negative results. Confirmation by FISH or molec-
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ular tools is therefore necessary. In the first enrichment culture,
only autofluorescent cells could be stained equally by FISH with
probes Ban162 and Bfu613, even at 10% higher stringencies, and
all stained cells were autofluorescent. Either Ca. B. anammoxidans
is also autofluorescent, which has not been reported previously,
or the Ban162 probe is not as specific under certain conditions
as previously assumed, which is supported by 100% matches with
various Ca. Brocadia GenBank entries. In the second enrichment
culture, the Ca. Brocadia-specific stained cells were consistently
non-fluorescent and both probes stained equally under standard
conditions. However, at slightly increased specificity (5% increased
formamide concentration) only Bfu613 could stain the biomass.
Therefore, it was assumed that only Ca. B. fulgida was present
and that Ban162 could not differentiate between both Ca. Broca-
dia species under certain conditions. However, similar tests with a
Ca. B.anammoxidans biomass are needed to support this argument.

The combination of FISH and DAPI staining with the autofluo-
rescence observation revealed large numbers of morphologically
intact fluorescent cells, which could not be stained by both meth-
ods and appeared hollow. The autofluorescent structures (cell
wall or EPS) of these ghost cells seemed to remain intact even
after cell death. Therefore, cell counts based on autofluorescence,
optical densities or dry weight would overestimate the quantity
of metabolically active biomass. Nevertheless, it could be possi-
ble that dead cells of other anammox species also remain intact
causing similar measurement problems. In this study, FISH anal-
ysis or q-PCR seemed important for verifying the health of the
biomass and the number of living cells. The structures or substances
responsible for the visible autofluorescence were strongly asso-
ciated with the cells and were not dissolved in the media, since
the autofluorescence disappeared after centrifugation. Although
it is good laboratory practice, the importance of comparing FISH-
labelled anammox biomass with untreated controls and the use of
correct protocols should be emphasised, since the described auto-
fluorescence could disguise or create false FISH signals leading to
misinterpretations. Finally, with the sequencing of three different
DNA fragments and the good match with published sequences of
Ca. B. fulgida in combination with the other applied methods, it was
possible to confirm the identification and previous descriptions of
the species, as well as providing new identified sequences needed
for further phylogenetic studies.
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