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Abstract

Presence of glycogen granules in anaerobic ammonium-oxidizing (anammox) bacteria has been reported so far. However,
very little is known about their glycogen metabolism and the exact roles. Here, we studied the glycogen metabolism in “Ca.
Brocadia sinica” growing in continuous retentostat cultures with bicarbonate as a carbon source. The effect of the culture
growth phase was investigated. During the growing phase, intracellular glycogen content increased up to 32.6 mg-glucose
(g-biomass dry wt)~' while the specific growth rate and ATP/ADP ratio decreased. The accumulated glycogen begun to
decrease at the onset of entering the near-zero growth phase and was consumed rapidly when substrates were depleted. This
clearly indicates that glycogen was synthesized and utilized as an energy storage. The proteomic analysis revealed that “Ca.
B. sinica” synthesized glycogen via three known glycogen biosynthesis pathways and simultaneously degraded during the
progress of active anammox, implying that glycogen is being continuously recycled. When cells were starved, a part of
stored glycogen was converted to trehalose, a potential stress protectant. This suggests that glycogen serves at least as a
primary carbon source of trehalose synthesis for survival. This study provides the first physiological evidence of glycogen
metabolism in anammox bacteria and its significance in survival under natural substrate-limited habitat.

Introduction

Many microorganisms including chemolithoautotrophs
synthesize and accumulate carbon and energy reserves such
as polysaccharide (glycogen) to cope with starvation con-
ditions. Glycogen is a major intracellular reserve polymer
consisting of «-1,4-linked glucose subunits with o-1,6-
linked glucose at the branching points [1]. Bacterial gly-
cogen can be synthesized via three known pathways: the
GlgC-GlIgA pathway, the Rv3032 pathway and the GIgE
pathway. Each glycogen biosynthesis pathway was briefly
described in Supplementary information text and reviewed
in detail by Chandra et al. [2]. On the other hand, glycogen
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is degraded to glucose-1-phosphate by debranching enzyme
(GlgX) and glycogen phosphorylase (GlgP) or to trehalose
via the (TreX)-TreY-TreZ pathway [2]. Furthermore, the
glycogen metabolism is known to be closely interlinked
with biosynthesis of the disaccharide trehalose [2—4].

The time courses of glycogen accumulation and degra-
dation during cultivation had been studied in several
microorganisms. Several bacterial species optimally syn-
thesize glycogen during exponential growth and/or sta-
tionary phase, and thus glycogen synthesis is regarded as an
indicator of entering the stationary phase [3, 5]. For
example, chemolithoautotrophs such as an aerobic
ammonium-oxidizing bacterium (AOB), Nitrosomonas
europaea, and a methane-oxidizing bacterium, “Ca.
Methylacidiphilum fumariolicum”, were able to fix CO, and
accumulate glycogen during stationary phase when nitrogen
was limited and utilize glycogen as energy source for cell
survival during starvation [6, 7]. Furthermore, it was
reported that glycogen was constantly recycled during early
exponential-growth phase (meaning synthesis and degra-
dation occurred simultaneously) in Corynebacterium glu-
tamicum and utilized as a carbon source for trehalose
synthesis under hyperosmotic conditions [3]. In general,
glycogen accumulation was significantly enhanced in most
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of the bacteria when nitrogen is limited, but carbon sources
are present in excess.

“Ca. Brocadia sinica” is an anaerobic ammonium-
oxidizing (anammox) bacterium that can oxidize NH,"
with NO, ™ as an electron acceptor and fix CO, into biomass
via the Wood-Ljungdahl pathway [8, 9]. Studies so far
suggested that anammox reaction proceeds by the following
three steps with two unique intermediates such as nitric
oxide (NO) and hydrazine (N,H,) [8, 9]. NO, ™ is initially
reduced to NO by either cytochrome cd;-type or copper-
containing nitrite reductase (NirS and NirK, respectively).
However, “Ca. B. sinica” does not possess neither NirS nor
NirK, which probably suggests the presence of the as-yet
unidentified nitrite reductase [10]. The produced NO is then
condensed with NH,* to form N,H, by hydrazine synthase
(Hzs). The produced N,H, is finally oxidized to N, by
hydrazine dehydrogenase (Hdh). Diverse anammox bacteria
have been detected in various natural and man-made eco-
systems [11, 12]. Anammox process has been used as a cost-
effective and environment-friendly nitrogen removal process
from wastewater [13, 14]. They are also responsible for a
substantial part of the fixed nitrogen loss and re-oxidation of
nitrite to nitrate in anoxic freshwater and marine ecosystems
[15-20]. Despite of the engineering and ecological impor-
tance, pure cultures of anammox bacteria are not available so
far. Five candidatus anammox bacteria genera (Brocadia,
Kuenenia, Anammoxoglobus, Jettenia, and Scalindua) have
been enriched from various samples and used for studying
their ecophysiology and biochemistry [21].

There is evidence that anammox bacteria (Brocadia,
Kuenenia, Anammoxoglobus, and Scalindua) could accu-
mulate glycogen in their cytoplasmic compartment [22].
Furthermore, essential genes involved in the central carbon
metabolic pathway including the classical glycogen bio-
synthesis (the GlgC-GIgA pathway) and degradation (the
GlgX-GlgP pathway) were identified in the recently com-
pleted genomes of these anammox bacteria [23, 24].
However, very little is known about glycogen metabolism
and the exact function in anammox bacteria. The previous
study has suggested that glycogen could be utilized as an
energy and carbon source under starvation and/or osmotic
stress conditions [22]. However, this hypothesis needs to be
verified experimentally because there were no significant
differences in accumulation levels of intracellular glycogen
in fresh and starved “Ca. Brocadia”-dominated biomass
[25] and in anaerobically or anoxically starved “Ca. Kue-
nenia stuttgartiensis”’-dominated granular biomass [26].

In the present study, “Ca. B. sinica® was continuously
cultured in a membrane bioreactor (MBR) with complete
biomass retention, in which actively growing, near-zero
growth, and starved phases were created by varying the
nitrogen loading rate (NLR). The time course of intracel-
lular glycogen accumulation and degradation in “Ca. B.
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sinica” was measured during different growth phases, which
was linked to proteomic analysis to elucidate the glycogen
metabolic pathways. Based on physiological studies, pro-
teomic analysis, and electron microscopy, this study pre-
sents that the glycogen could be simultaneously synthesized
and consumed (that is, constantly recycled) in “Ca. B.
sinica” during growing and near-zero growth phase and that
it was utilized at least as an energy and carbon source for
trehalose biosynthesis under starvation conditions.

Materials and methods
Continuous culture

Planktonic enriched “Ca. Brocadia sinica” cells were con-
tinuously cultured at 37 °C in MBRs with complete biomass
retention (alternatively called retentostats) as previously
described (Fig. SIA-C) [27, 28]. All cells were in single
cell state without presence of aggregates (Fig. S1D). The
percentage of the anammox bacteria in the enriched culture
was more than 96% as determined by fluorescence in situ
hybridization (FISH) analysis with AMX820 and EUB mix
oligonucleotide probes [29, 30]. The measurements of 16S
rRNA gene copy numbers with quantitative PCR revealed
that “Ca. B. sinica” accounted for more than 99% of the
anammox population [31]. The MBRs consisted of a
membrane unit composed of 300 polyethylene hollow-fiber
membrane tubes (pore size, 0.1 um; tube diameter, 1 mm;
length, 70 mm, Mitsubishi Rayon, Tokyo, Japan) as
described previously [28, 31]. A constant volume (1.5 L) of
culture medium was maintained with a water level sensor
HL-STA (ASONE, Osaka, Japan) and a peristaltic pump
(MP-1000, EYELA, Tokyo, Japan) that was directly con-
nected to the membrane unit. The biomass culture was
continuously stirred at 200 rpm with a magnetic stirrer to
keep in planktonic state. A mixed Ar and CO, (95:5) gas
was continuously supplied to the culture medium at a flow
rate of 10mL min~' to avoid oxygen contamination. pH
was not controlled but ranged between 7.0 and 8.0. Biomass
culture (15 mL) was withdrawn every day to maintain the
sludge retention time (SRT) at ~100 days.

The MBR was initially inoculated with “Ca. B. sinica”
cells that were starved for NH, and NO,™ for one week.
The initial biomass concentration was adjusted to be ca.
0.05 mg-protein mL ™', Inorganic anammox-specific med-
ium was continuously fed into the MBR. The inorganic
medium contained (mg L™ (NH;),S0, (2-10 mM),
NaNO, (2-10 mM), FeSO4-7H,0 (9.0), EDTA-2Na (5.0),
NaCl (1.0), KCI (1.4), CaCl,-2H,0 (1.4), MgSO,-7H,0
(1.0), NaHCOj (84), KH,PO, [32], and 0.5 mL L™ of trace
element solution II [33]. The feed medium was purged with
nitrogen gas (99.99%) for 1 h to maintain anoxic condition.



Glycogen metabolism of the anammox bacterium “Candidatus Brocadia sinica” 1289

A N, gas bag was connected to the medium tank to prevent
oxygen contamination during the continuous operation [34].
The nitrogen loading rate (NLR) was increased by
increasing the influent NH,* and NO,” concentrations
(from 2 to 10mM) to promote bacterial growth. The
hydraulic retention time (HRT) was fixed at 1h. After
reaching a certain biomass concentration (i.e., near-zero
specific growth rate), the biomass was starved for NH, " and
NO," by stopping the medium feed. The continuous MBR
culture experiment was conducted in triplicate.

Chemical analyses

Influent and effluent (permeate) samples were collected on
daily basis for measurements of the concentrations of NH, ",
NO,™, and NO;~, respectively. Ammonium (NH4) con-
centration was measured using the colourimetric method
with the indophenol and hypochlorous acid [35]. The pro-
duced colour was measured by a plate reader ARVO-MX
(Perkin Elmer Japan, Yokohama, Japan) at 600 nm wave-
length. Nitrite (NO, ) concentration was measured using
the N-(1-Naphthyl)ethylene diamine method, and the
resulting pink azo dye colour was measured by the plate
reader at 520nm wavelength [36]. Nitrate (NO3™) con-
centration was quantified using an ion chromatograph IC-
2010 (TOSOH, Tokyo, Japan) with 3.8 mM of NaHCO;
and 3 mM of Na,COj; as an anion eluent. All samples were
filtered by 0.2-um-pore size membranes (Advantec Co.,
Ltd., Tokyo, Japan) prior to the measurement.

Biomass dry weight

Biomass culture (15 mL) was collected and centrifuged at
10,000xg for Smin. The cell pellet was washed, resus-
pended in 2 mL of Milli-Q water and then transferred to 5
mL vials whose weight is already known. The vials were
then centrifuged at 10,000xg for 5 min and the supernatant
was carefully discarded. The remaining biomass pellet was
freeze-dried for at least one day using a freeze drier FZ-2.5
(Labconco, Kansas City, MO, USA). The vials with dry
biomass were weighted again, and the biomass dry weight
was calculated as difference between the vial weight with
and without dry biomass. The obtained dry biomass was
also subjected to the following measurements of intracel-
lular glycogen and trehalose contents.

Estimation of specific growth rate

The specific growth rate (u) of “Ca. B. sinica” growing in
the MBR (retentostat) was estimated with the following
equation [37]:

u = (dCy/dr)/Cy,

where C, is biomass concentration in the MBR (g LY. The
biomass accumulation rate (dC,/df) was determined by
fitting the measured biomass concentrations with the
equation C,=A e®’+ C as previously reported [37]. This
fitting was performed using R software (R Foundation for
Statistical Computing, Vienna) and minimizing the sum of
squares of errors by varying A, B, and C.

Glycogen and trehalose assays

The intracellular glycogen content was determined by a
two-step enzymatic assay as previously described [38]. In
brief, the freeze-dried biomass was resuspended in 0.25 mL
of 0.25 M Na,COj; solution in a screw-top Eppendorf tube
and incubated at 95 °C for 4h. The cell suspension was
brought to pH 5.2 by addition of 0.15 mL of 1 M acetic acid
and 0.6 mL of 0.2 M Na-acetate (pH 5.2) and then divided
into two subsamples for determination of intracellular
glycogen and trehalose. One-half was incubated with
Aspergillus niger amyloglucosidase (1.2 units mL™!)
(Sigma-Aldrich, St. Louis, MD, USA) over night at 57 °C
under constant agitation to convert glycogen into glucose.
After the amyloglucosidase treatment, the cell suspensions
were centrifuged at 5000xg for 3 min to remove the cell
debris, and the resulting supernatant was adequately diluted
and then subjected to glucose measurement. The negative
control without the amyloglucosidase treatment was pre-
pared for glycogen measurement in parallel. Glucose was
quantified by the glucose oxidase kit (Sigma-Aldrich), and
the absorbance was recorded at 520 nm by a plate reader
ARVO MX (Perkin Elmer Japan, Yokohama, Japan) [7].
For trehalose measurement, the second half of cell sus-
pension was centrifuged at 5000xg for 3 min, and trehalose
concentration in the supernatant was directly quantified by
using a commercially available trehalose assay kit accord-
ing to the manufacturer’s protocol (Megazyme, Wicklow,
Ireland) [39]. Protein concentration of each sample was also
determined using the Lowry method [40].

Proteomic analysis

“Ca. B. sinica” biomass cultures were collected from the
MBR in the growing (day 18), near-zero growth (day 31),
and starved (day 50) phase, respectively (Experimental Run-
2 in Supplementary Information). Approximately 80 mg of
wet biomass was suspended in the buffer A containing 3-[(3-
cholamidopropyl) ~ dimethylammonio] propanesulfonate
(CHAPS) (4%, w/v), Triton X-100 (2%, w/v), urea (7 M),
thiourea (2 M), and dithiothreitol (60 mM). After 1h of
incubation on ice and centrifugation at 25,000xg for 1 h at
4°C, the supernatant was recovered as soluble protein
fraction A. The remaining biomass pellet was resuspended in
the buffer B containing SDS (4%, w/v), glycerol (20%, v/v),
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Tris—HC1 (0.125M, pH 8.4) and dithiothreitol (20 mM).
After boiling for 15 min and centrifugation at 25,000xg for
1 h at 20 °C, the supernatant was recovered as soluble pro-
tein fraction B. Proteins in the soluble protein fractions A
and B were loaded onto SDS containing polyacrylamide gels
(NuPAGE 4-12% Bis-Tris gel) (Life Technologies, Carls-
bad, CA, USA), respectively, and stained with Simplyblue
staining solution (Life Technologies) according to the
manufacturer’s instructions. Gel lanes (7 cm in height) were
cut into 10 gel slices, which were de-stained with acetonitrile
and subjected to nano-LC/MS/MS analysis after in-gel
tryptic digestion [41]. Peptide mass fingerprints were ana-
lysed using the MASCOT search programme version 2.3.01
[42]. The amino acid sequences of protein-coding genes
located in “Ca. B. sinica” genome (GenBank accession
number; BAFH0100000-BAFH01000004) [43] were used
as the reference database. Calculations of the exponentially
modified protein abundance index (emPAI) and protein
content index (PCI, in mol%) were conducted as previously
described [44]. The sums of the PCI expressions of two
protein fractions (A and B) were used in this study. The
predicted genes sequences were used to search against the
Clusters of Orthologous Genes (COG) and the Kyoto
Encyclopaedia of Genes and Genomes (KEGG) databases
using DIAMOND BLASTX with the e-value cutoff of 1e>.

Transmission electron microscopy (TEM)

Sample preparation, staining, and electron microscopy were
carried out as previously described by van Niftrik et al. [22].
Briefly, “Ca. B. sinica” cells were collected from the MBR,
cryofixed and freeze-substituted using an EM PACT2 high
pressure freezer (Leica Microsystems, Tokyo, Japan) and
EM AFS2 freeze substitution processor (Leica Micro-
systems), respectively. Freeze substation with an acetone
containing 2% (w/v) OsO,4 (Nisshin EM, Tokyo, Japan) was
carried out as follows: =90 °C for 50 h, increased to —60 °C
with the increment of 2 °C per hour, kept at —-60 °C for 8 h,
and then increased to —30 °C with the increment of 2 °C per
hour. The specimen was washed three times using acetone
for 45 min at 25 °C, and then embedded into an Epon812
resin (Nisshin EM, Tokyo, Japan). The embedding and the
subsequent polymerization was carried out as follows: kept
in a 25% (v/v) Epon resin (diluted with acetone) at 25 °C for
16 h, 50% Epon resin for 24 h, 75% Epon resin for 24 h,
100% Epon resin at 35 °C for 7 h, 100% Epon resin at 30 °C
for 17 h, and then polymerized at 60 °C for 3 days. Ultrathin
sections (80-90 nm) were cut using a ULTRACUT S (Leica
Microsystems, Tokyo, Japan). The sections were collected
on Formvar/Carbon film-coated 100-mesh hexagonal
golden grids and stained with 5-folds diluted TI blue solu-
tion (Nisshin EM) and lead citrate [45]. Electron micro-
scopy was performed using a transmission electron
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microscope JEM-1200EX (JEOL, Tokyo, Japan) equipped
with a TEM CCD camera Veleta (Olympus, Tokyo, Japan)
at 80kV [46].

For polysaccharide staining, the method of van Niftrik
et al. [22] was slightly modified. The ultrathin sections were
stained by 1% periodic acid (Sigma-Aldrich Japan, Tokyo,
Japan) at 25 °C for 30 min and rinsed with Milli-Q water at
25 °C for 60 min. The sections were immersed into a 0.2%
(w/v) thiocarbohydrazide (Sigma-Aldrich Japan) (diluted
with 20% v/v acetone) and kept at 4 °C for 12 h. The sec-
tions were washed two times with 10% (v/v) acetic acid at
25 °C for 15 min, 2 times with 5% acetic acid for 5 min, with
2% acetic acid for 5 min, and then with Milli-Q water for 15
min. The washed sections were stained with 1% (w/v) silver
albumin (Fuji-film Wako, Osaka, Japan) solution at 25 °C
for 30 min, and washed with Milli-Q water for 15 min.
Finally, the sections were immersed in a 5% (w/v) sodium
thiosulfate (Sigma-Aldrich) and washed with Milli-Q water
for 15 min. For this staining, the 1% periodic acid breaks up
the polysaccharide (glycogen) molecules, to which thio-
carbohydrazide can bind. The resulting combined molecules
can be stained with silver albumin [22]. Therefore, the
specimen without 1% periodic acid treatment was used as
negative controls for glycogen staining in the present study.

Adenosine triphosphate (ATP)/adenosine
diphosphate (ADP) measurement

ATP and ADP were quantified to determine the cellular
energy charge. ATP was extracted using a mixture of 0.51 M
tricarboxylic acid (TCA) and 100 mM EDTA for 30 min as
previously described [47, 48]. The remaining TCA in the
sample was removed by addition of water-saturated diethyl
ether (cold) and purged with N, gas for 5 min to solubilize
the ether. ADP was first enzymatically converted to ATP by
phosphoenolpyruvate (PEP) and pyruvate kinase (PK)
[49, 50]. The conversion was conducted in the PEP-buffer
containing 0.1 M Tris-EDTA buffer, 0.3 mM PEP, 9 mM
MgCly, 5mM KCI, and PK (20 units mL~"). The total ATP
and the ATP resulted from the ADP conversion were
determined by using the firefly luciferase-based ATP mea-
surement kit according to the manufacturer’s protocol
(Kikkoman Biochemifa, Tokyo, Japan).

Results and discussion

Growth of “Ca. B. sinica” in MBR

One week starved planktonic “Ca. B. sinica” cells (made up
>96% of population based on FISH analysis) were inocu-

lated and continuously cultured for more than 2 months in a
MBR with complete biomass retention (Fig. SIA-S1D).
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Fig. 1 Performance of MBR retentostat cultivation of “Ca. B.
sinica”. Time course of nitrogen (NH," and NO, ") loading rate (NLR)
and removal rate (NRR) (A) and the concentrations of NH,", NO, ™,
and NO;~ in MBR culture medium (B) during 70 days of continuous
operation. Blue, white, and green area indicate the growing phase,
near-zero growth phase, and starved phase, respectively. The error bars
show SD of duplicate measurement.

NLR was step-wisely increased from 0.05 to 0.27 kg-N
m day”! by increasing the influent NH," and NO,~
concentrations to promote the growth of “Ca. B. sinica”
(Fig. 1A). After day 37, the NLR was fixed at ca. 0.27 kg-N
m>day~! and kept for 22 days. Thereafter the substrate
feeding was completely stopped at day 58. The effluent
NO,™~ concentration was near zero throughout the experi-
ment, while effluent ammonium was varying between 1.0
and 20.0mgL~!' (Fig. 1B). The stoichiometric ratio of
consumed NO,  and consumed NH,' was 1.32+0.23,
which was close to the previously reported value [51],
indicating anammox reaction was predominantly respon-
sible for nitrogen conversion.

The growth of “Ca. B. sinica” was assessed by mea-
suring the protein concentration (Fig. 2). The protein con-
centration steadily increased to 0.26 mg-BSA mL~' at day
37 and thereafter decreased slightly due to a limited sub-
strate supply. After the substrate feeding was completely
stopped at 58 days, the protein concentration decreased
drastically. Time course of the specific growth rate («) was
estimated from the measured protein concentration (Fig. 2).
The estimated u asymptotically decreased from 0.19d™",
which was about half of y,,, of “Ca. B. sinica” [31], at the
beginning of operation to 0.0023 d~! at day 37. Thereafter
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Fig. 2 Changes in protein concentration and the estimated specific
growth rate in MBR culture medium with time. The line indicates
the specific growth rate (u) that was estimated by fitting the measured
protein concentrations with the equation C, = A-¢®' + C as previously
reported [37]. Blue, white, and green area indicate the growing phase,
near-zero growth phase, and starved phase, respectively. The error bars
show SD of duplicate measurement.

the specific growth rate («) reached near-zero growth rates
(the net growth rate defined as u - decay rate became
negative). According to the estimated u profile, the growth
of “Ca. B. sinica” was classified into the growing phase
(0-37 days), near-zero growth phase (38-58 days), and
starved phase (59-70 days), respectively (Fig. 2).

Intracellular glycogen metabolism

Intracellular glycogen content was very low at the begin-
ning of cultivation, which was probably because one-week
starved cells were inoculated (Fig. 3). However, intracel-
lular glycogen content steadily increased and reached 32.6
mg-glucose (g-dry biomass wt) ! as cells approaching to
near-zero growth, which might indicate that substrate lim-
itation might enhance glycogen accumulation. Thereafter,
the glycogen content begun to decrease in the near-zero
growth phase, during which the protein concentration also
gradually decreased due to the limited substrate supply (the
NLR was fixed at 0.27 kg-Nm > day ). When the cells
were starved by completely ceasing the substrate supply, the
glycogen content further decreased rapidly. Intriguingly,
glycogen accumulation was immediately observed when the
substrate supply was resumed after 16-day starvation
(Figs. S2 and S3). Reproducible trends in glycogen accu-
mulation and consumption were observed in independent
triplicated MBR runs. Thus, the results of the third run were
shown in the main text, whereas ones of the first and second
run can be seen in the Supplementary Information Figs. S2—
S7.

However, this growth phase-dependent phenomenon has
not been observed in previous studies. No significant
changes in intracellular glycogen levels were observed in
the starved “Ca. Brocadia”-dominated [25] and “Ca. K.
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Fig. 3 Intercellular glycogen accumulation and cellular energy
charge. Change in intercellular glycogen content and ATP level (ATP/
ADP) in “Ca. B. sinica” with time. Blue, white, and green area indi-
cate the growing phase, near-zero growth phase, and starved phase,
respectively. The error bars show SD of duplicate measurement.

stuttgartiensis”’-dominated granular biomass [26]. The
intracellular glycogen levels of planktonic “Ca. B. sinica”
cells observed in the present study were lower than those
found in the “Ca. K. stuttgartiensis” granular biomass
(6.55-8.48 mmol glucose g—VSSil) [26]. Since it has been
reported that glycogen stores were used for biofilm forma-
tion [52], it would be interesting to further investigate the
effect of granule or biofilm formation on glycogen storage
or vice versa.

“Ca. B. sinica” cells taken from the growing, near-zero
growth, and starved phase were stained with 1% silver
albumin (polysaccharide staining) with and without 1%
periodic acid treatment and observed by TEM (Fig. 4).
Electron dense particles were detected in the cytoplasmic
compartment of 1% periodic acid-treated cells. The actively
growing cells contained few and small dense particles,
whereas more abundant and larger electron dense particles
were detected in the cells taken from the near-zero growth
phase. These TEM images corresponded to the intracellular
glycogen content profile (Fig. 3). The previous TEM study
showed that “Ca. K. stuttgartiensis” cells specially seem to
store larger amounts of glycogen than other anammox
genera including “Ca. Brocadia fulgida” [22], which is
consist with the higher glycogen contents found in the
starved “Ca. K. stuttgartiensis” biomass [26]. The differ-
ence in glycogen storage capacity among anammox bacteria
species should be investigated in detail, if any.

Intracellular glycogen content sharply decreased from
20.5 mg-glucose (g-biomass dry wt)™' to <3 mg-glucose
(g-biomass dry wt)~' and concomitantly trehalose accu-
mulated up to 1.0 mg-trehalose (g-biomass dry wt)~!
immediately after the substrate feed was stopped at day 58,
suggesting that a part of glycogen was converted to treha-
lose (Fig. 5). However, since the amount of produced
trehalose was only about 10% of the consumed glycogen,
other metabolites of glycogen degradation could be present
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or used for energy generation. Trehalose is known to be
accumulated in bacterial cells as a response to a variety of
stresses such as heat, dry, starvation, and osmotic stress
[4, 53]. The produced trehalose decreased rapidly to the
original level (<0.2 mg-trehalose (g-biomass dry wt)™')
within a week. Probably, trehalose is broken down to glu-
cose, which is eventually used as an energy and/or carbon
source. Trehalose accumulation in anammox bacteria under
substrate-limited conditions was reported for the first time.
The degradation of trehalose is not well understood and thus
needs further investigation.

Intracellular energy contents (ATP/ADP ratio)

The intracellular pools of ATP and ADP play an important
role in the regulation of gluconeogenesis and glycolysis
[32]. In general, glycolysis (glycogen degradation, energy
generating process) is promoted when the ATP/ADP ratio is
low, whereas the gluconeogenesis (toward glycogen
synthesis, energy demanding process) is activated when the
ATP/ADP ratio is high [54]. Thus, the ATP/ADP ratio
seems to regulate the carbon flow in bacteria, which is
entirely dependent on growth condition.

A key regulatory (rate-limiting) step of glycogen bio-
synthesis pathway is catalysed by glucose-1-phosphate
adenylyltransferase (GlgC; EC 2.7.7.27); ATP + glucose-1-
phosphate (Glc-1P) & ADP-Glc + PPi). This enzymatic
reaction is allosterically regulated by intracellular energy
level, and ATP generation negatively affects glycogen
accumulation [6, 55-57]. Therefore, the ratio of ATP to
ADP was measured during cultivation to correlate to the
glycogen accumulation (Fig. 3). The ATP/ADP ratio stea-
dily increased from the onset of cultivation but sharply
declined after day 18. Thereafter, the intracellular glycogen
content increased with decreasing the ATP/ADP ratio,
indicating that excess ATP diverted toward glycogen
biosynthesis. The stored glycogen begun to be utilized
gradually at onset of near-zero growth phase and further
decreased rapidly during the starved phase (no substrate
feeding). The ATP/ADP ratio remained at low levels in the
near-zero growth phase and further decreased in the starved
phase. The reproducibility of this phenomenon was con-
firmed by a replicated experimental run (Fig. S6).

Proteomic analysis
Overall

A total of 1550, 1420, and 1276 proteins were identified in
the growing, near-zero growth, and starved cells, respec-
tively, with using more than 1 unique peptide-filtering cri-
teria [44], representing 39.6-32.6% of all predicted proteins
encoded in the “Ca. B. sinica” genome (Table S1). The
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Fig. 4 Intercellular glycogen accumulation in “Ca. B. sinica” cells.
Transmission electron micrographs showing glycogen accumulation in
the cytoplasmic compartment of “Ca. B. sinica” cells in growing (A),
near-zero growth (B and C), and starved (D) phase, respectively.
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Fig. 5 Intercellular trehalose accumulation and glycogen degra-
dation under starved condition. Change in intercellular glycogen and
trehalose content in “Ca. B. sinica” with time after the supply of
substrate was completely stopped at day 58. The error bars show SD of
duplicate measurement.

growing and near-zero growth cells shared 910 proteins, the
growing and starved cells shared 807 proteins, the near-zero
growth and starved cells shared 761 proteins (Fig. S8).
Approximately 70% of the identified proteins were asso-
ciated with the available groups in COG classification,
while the remaining proteins were belonged to the group
COG R/S, ‘no hit’, ‘no related COG’ which indicated the
hypothetical and poorly characterized proteins.

Negative control incubated with water instead of periodic acid (E)
showed no glycogen staining. The scale bars in panel A-D are 200 nm,
and the one in panel E is 500 nm.

Most of the proteins that most highly expressed in
growing, near-zero growth, and starved cells were asso-
ciated with energy production and conversion (COG C)
(Table S2). The second-high abundance proteins in growing
and near-zero growth cells were associated with the post
translational modification, protein turnover, and chaperones
(COG 0), whereas those in starved cells were involved in
translation, ribosomal structure, and biogenesis (COG 1J).
The proteins associated with amino acid transportation
(COG E) were expressed higher in growing and near-zero
growth cells, whereas heat shock proteins, ribosomal pro-
teins, proteins associated with cell motility and chaperones
were highly expressed under starved condition. It should be
noted that many hypothetical proteins with unknown
function that do not appear in the KEGG database were also
expressed in high levels under the starved condition
(Table S3). Thus, it is currently difficult to evaluate if
starvation or near-zero growth conditions significantly
affect metabolisms or pathways other than the nitrogen and
carbon metabolisms.

The expression of proteins potentially involved in ana-
mmox reaction and central carbon metabolic pathways (i.e.,
glycogen and trehalose metabolism, Wood-Ljungdahl
pathway, (reductive) TCA cycle, pentose phosphate path-
way, and glycolysis/glyconeogenesis pathway) were further
analysed for “Ca. B. sinica” cells in the growing, near-zero
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growth, and starved phase, respectively. The relative
abundance represented as Protein Content Index (PCI, in
mol%) values of the respective enzymes involved in ana-
mmox and central carbon metabolic pathways in each
growth phase were summarized in Tables S4-S9.

Anammox metabolism

The expression levels (i.e., the PCI values (mol %)) of
anammox-related enzymes were two orders of magnitude
higher than those of the central carbon metabolic pathways.
Nitrite oxidoreductase (Nxr), hydrazine oxidoreductase
(Hzs), and hydrazine dehydrogenase (Hdh) were highly
expressed in all growth phases even in starved phase
(Table S4). This indicates that these enzymes were con-
stitutively expressed and considerably stable even under the
starved condition. These results suggest that chemolithoau-
totrophic “Ca. B. sinica” does not appear to shut down all
these anammox-related (energy-generating) enzymes under
starved conditions, which allows generating energy as soon
as substrates becomes available. It was demonstrated that
restarting substrate feeding resulted in immediate recovery
of anammox activity after 16-day starvation in the present
study (Fig. S2A). Similar phenomenon has been reported for
autotrophic aerobic ammonium-oxidizing bacteria (AOB)
[58]. Nitrosomonas could maintain high abundance and
activity of ammonia monooxygenase (AMO) and hydro-
xylamine oxidoreductase (HAO) over prolonged starvation
periods, while their transcriptions completely ceased shortly
after the depletion of ammonia [59, 60]. However, it is
unclear how they could maintain these enzymes active for a
long time period without energy substrates.

Central carbon metabolism

Based on the genomic analysis and previous studies, it has
been proposed that “Ca. B. sinica” assimilates CO, via the
Wood-Ljungdahl pathway using reducing power (equiva-
lent) generated from nitrite oxidation to nitrate [8, 9, 23].
The relative expression levels of respective enzymes
involved in the Wood-Ljungdahl pathway were represented
as the PCI values (mol%) based on proteomic analysis
(Fig. 6). The high abundances of key enzymes involved in
the Wood-Ljungdahl pathway, such as CO dehydrogenase
(CooS) and acetyl-CoA decarbonylase/synthase CODH/
ACS complex (CdhDE) were detected in the growing and
near-zero growth phase, whereas those expressions were
very low in the starved phase (Table S5 and Fig. 6). This
suggests that CO, assimilation to acetyl-CoA is active in the
growing and near-zero growth phase, reflecting the biomass
growth profile (Fig. 2).

Gluconeogenesis is an essential pathway to synthesize
glycogen in “Ca. B. sinica” because they are unable to use
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exogenous hexoses as carbon source for cell growth. Pyr-
uvate ferredoxin oxidoreductase (PorABCD) and pyruvate
orthophosphate dikinase (Ppdk) were highly expressed in
all growth phases (Table S6 and Fig. 6), which catalyse the
conversion of acetyl-CoA to PEP via pyruvate. The formed
PEP flows into the gluconeogenesis pathway, in which high
abundances of all enzymes involved in gluconeogenesis
including fructose-1,6-bisphosphatase (FBP) were identified
(Fig. 6). However, the enzyme in the final step of gluco-
neogenesis, glucose-6 phosphatase (G6Pas), was not iden-
tified, which could suggest that assimilated carbon
compounds were diverted from glucose-6 phosphate to
synthesis of glycogen and trehalose and/or the pentose
phosphate pathway.

Most of the enzymes involved in the pentose phosphate
pathway were abundantly detected in oxidative (generation
of NADPH) and non-oxidative pathway (production of
ribose 5-phosphate, which is a precursor for the synthesis of
nucleotides) in the growing phase but were low or absent in
the near-zero growth and starved phase (Table S7 and
Fig. 6). This implies the active generation of NADPH and
nucleotides during the growing phase and its shutdown
during nongrowth energy-limited starvation conditions.

In terms of the TCA cycle, pyruvate:ferredoxin (Fd)
oxidoreductase (porABCD; acetyl-CoA + CO, + 2Fd,.q +
2H" « pyruvate + CoA + 2Fd,,), 2-ketoglutarate:ferredoxin
oxidoreductase (KorAB) and fumarate reductase (Frd), which
are key enzymes of the reductive TCA cycle, were expressed
in high abundance during the growing phase (Table S8
and Fig. 6). However, another key enzyme, ATP-citrate
lyase (ACL, citrate + ATP 4 CoA — oxaloacetate + acetyl-
CoA + ADP + Pi), is missing. Furthermore, the genes spe-
cific for the oxidative TCA cycle except for 2-ketoglutarate
dehydrogenase complex (OGDC) were also detected in
moderate abundance during growing and near-zero growth
phase with glycogen accumulation.

Notably, metabolic pathways of key metabolites of glu-
coneogenesis and glycolysis such as PEP and pyruvate are
versatile. For gluconeogenesis, PEP can be formed from
oxaloacetate, which is catalysed by phosphoenolpyruvate
carboxykinase (PEPCK) with ATP (oxaloacetate + ATP —
PEP + ADP + CO,). The abundance of PEPCK was, how-
ever, not as high as other gluconeogenesis-related enzymes,
suggesting that PEP is mainly synthesized from acetyl-CoA
via pyruvate by porABCD and ppdk. These results reveal
that acetyl-CoA is apparently a key intermediate for the
gluconeogenesis in chemolithoautotrophic “Ca. B. sinica”,
which is mainly synthesized through the Wood-Ljungdahl
pathway. “Ca. B. sinica” also could generate energy and/or
intermediates for cell growth through the oxidative TCA
cycle with continuous input of metabolites from the
Wood-Ljungdahl pathway and/or reductive TCA cycle,
leading to more energy-efficient cell growth.
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Fig. 6 Relative abundance of respective enzymes involved in cen-
tral carbon metabolic pathways in “Ca. B. sinica” based on pro-
teomeic analysis. Protein expression level heatmaps of central carbon
metabolic pathways (i.e., the Wood-Ljungdahl pathway, glycolysis
pathway, and pentose phosphate pathway (reductive) tricarboxylic
acid (TCA) cycle) in “Ca. B. sinica”, which was harvested in the
growing, near-zero growth, and starved phase, respectively. The

Furthermore, incomplete classical TCA bypass routes
such as the glyoxylate shunt [61] and 4-aminobutyric acid
(GABA) shunt [62, 63] were identified (Table S8 and
Fig. 6). Isocitrate seems to be converted into succinate and
glyoxylate by isocitrate lyase (ICL) instead of into 2-

Succinic semialdehyde

relative abundance of proteins represented as Protein Content Index
(PCI, in mol%) values was portrayed by different colours in each
pathway; the darker colour indicates the higher abundance and the
lighter colour indicates the lower abundance. The names of enzymes,
reactions, and corresponding PCI values are described in detail in the
Supplementary information Tables S5-S8. n.d. not detected.

ketoglutarate, which bypasses two decarboxylation steps
(isocitrate—2-ketoglutarate—succinyl-CoA) in the TCA
cycle. This corresponds to the absence of OGDC. However,
malate synthase (MS) which catalyses condensation of
glyoxylate and acetyl-CoA to yield malate is missing in the
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Fig. 7 Relative abundance of respective enzymes involved in gly-
cogen metabolism in “Ca. B. sinica” based on proteomic analysis.
Protein expression level heatmaps of main glycogen and trehalose
metabolic pathways in “Ca. B. sinica”, which was harvested in the
growing, near-zero growth, and starved phase, respectively. The
relative abundance of proteins represented as Protein Content Index
(PCI, in mol%) values was portrayed by different colours; the darker

proteomic analysis. The generated glyoxylate could be
converted to glycerate-2P via glycerate by glycerate 2-
kinase (gck), which was also highly expressed in all growth
phase. The resulting glycerate-2P is a precursor of glucose-
6P, and the consecutive formation of glucose-6P yields
glycogen in the end. It has been proposed that the possible
role of the glyoxylate shunt could be a protective response
to oxidative stress [61].

In addition to the glyoxylate shunt, key enzymes in the
GABA shunt, glutamate dehydrogenase (GdhA), glutamate
decarboxylase (GadA), and GABA aminotransferase (puuE,
EC:2.6.1.19) were identified, but succinic semialdehyde
dehydrogenase (SAADH/SsaD) is missing. The GABA shunt
could be also viewed as bypassing two decarboxylation steps
of the TCA cycle, 2-ketoglutarate dehydrogenase (OGDC)
and succinyl-CoA synthetase (sucCD), which compensated
for the low activity of both enzymes (Fig. 6). Furthermore, the
GABA shunt could regulate the nitrogen metabolite levels
through glutamate and has stress-associated and signalling
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a-fructose-6-phosphate
(F6P)

colour indicates the higher abundance and the lighter colour indicates
the lower abundance. The names of enzymes, reactions, and corre-
sponding PCI values are described in detail in the Supplementary
information Table S9. n.d: not detected. Blue arrows represent bio-
synthetic pathways of glycogen, green arrows represent degradation
pathways of glycogen, and orange arrows represent biosynthetic
pathways of trehalose, respectively.

roles [63]. However, its regulation and biological significance
in “Ca. B. sinica” remain largely unclear.

Glycogen metabolism

Genomic analysis revealed that “Ca. B. sinica” appears to
possess three known pathways for bacterial glycogen
synthesis: the GlgC-GlgA pathway, the GIgE pathway, and
the Rv3032 pathway [2]. In the classical GlgC-GlgA
pathway, the synthesis proceeds by three enzymatic reac-
tions: adenosine diphosphate glucose (ADP-glucose, a
monosaccharide nucleotide diphosphate) is generated from
glucose 1-phosphate by the action of glucose-1-phosphate
adenylyltransferase (GlgC), and then ADP-glucose is sub-
sequently polymerized by glycogen synthase (GlgA), which
generates linear a-1,4 glucans (Fig. 7). The linear glucans
are further converted to glycogen by the a-1,4-glucan-
branching enzyme (GlgB), which mediates formation of a-
1,6-glucosidic linkages. In the GIgE pathway, the linear
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glucans are generated from maltose 1-phosphate (a dis-
accharide phosphate) by the action of maltosyltransferase
(GIgE) [64, 65]. Maltose 1-phosphate is generated from
trehalose by two enzyme actions: maltose a-D-glucosyl-
transferase/a-amylase (TreS) converts trehalose into mal-
tose and a maltokinase (Pep2) phosphorylates the maltose
using ATP. In the Rv3032 pathway, Rv3032 has a-1,4-
glucosyltransferase activity and uses uridine diphosphate
glucose (UDP-glucose) as the building block of a-1,4 glu-
cans [66, 67]. Branches (a-1,6-glycosidic linkages) are
further formed by the action of a branching enzyme Rv3031
[67].

On the other hand, glycogen can be degraded to glucose
1-phosphate, a key intermediate for glucan reassembly, by
the highly conserved glycogen phosphorylase (GlgP) with
the assistance of the glycogen debranching enzymes (GlgX)
and a-1,4-glucanotransferase (MalQ). Since GIgP can only
cleave a-1,4-glycosidic linkages down to four glucose
residues, the assistance of GlgX and MalQ is required to
further breakdown the remaining glycogen with glucosyl-
transferase (transfers three glucose residues from the four-
residue glycogen branch to another branch) and glucosidase
(cleaves the remaining a-1,6-glycosidic linkages), which
generates glucose and linear chains of a-1,4-glucans. Fur-
thermore, debranching enzyme/isoamylase (ISA,
EC:3.2.1.68) was detected in the present study. ISA has
only o-1,6-glucosidase activity and thus generates mal-
todextrin. Maltose can be released from «-1,6-branched
glycogen as the smallest sugar. ISA is similar to an archaeal
glycogen-debranching enzyme (TreX, 74% homology) that
has dual activities for a-1,4-glucanotransferase and a-1,6-
glucosidase [68]. Therefore, glycogen could be also
degraded to trehalose by an alternative route of
(ISA)-TreY-TreZ or ISA-TreS. Trehalose can be utilized
to reassemble glucans.

According to proteomic analysis, phosphoglucomutase
(Pgm) is a key enzyme to provide a key intermediate,
glucose-1 phosphate, for all routes to the biosynthesis of
both a-1,4-glucan and trehalose, which was highly expres-
sed in the growing and near-zero growth phase (Table S9
and Fig. 7). The key enzymes of glycogen synthesis
including GlgC and GIgA were moderately expressed in the
growing and near-zero growth phase. However, both the
GlgA and Rv3032 were not expressed during the starved
phase. Interestingly, the relatively high expression of the
GlgE was identified only in the growing and starved phase,
indicating the alternative route for glucan synthesis from
trehalose via maltose was also active although the mal-
tokinase (Pep2) is missing in the “Ca. B. sinica” genome.
There are two potential sources of trehalose for the GIgE
pathway: either via the de novo GalU-OtsA-OtsB route
from activated glucose or via the (ISA)-TreY-TreZ route
from a-1,6-branched phosphorylase-limit dextrin (Fig. 7).

The details are described in the following trehalose meta-
bolism section. The a-1,4-glucan-branching enzyme
(GIgB), but not Rv3031, was moderately expressed in the
growing and near-zero growth phase. The different bio-
synthetic routes of a-1,4-glucan could share the branching
enzyme, which could support the notion that the GlgB-
branching enzyme is more often associated with the GIgE
pathway than with the GlgC-GIgA pathway [2].

On the other hand, the enzymes responsible for the
glycogen degradation, starch phosphorylase (GlgP) and
glycogen debranching enzymes (ISA) were moderately
expressed during all growth phases. However, the most
common debranching enzyme (GlgX) and a-1,4-glucano-
transferase (MalQ) were sporadically expressed at low
levels. In addition, AGL, which has dual activities for o-
1,4-glucanotransferase and a-1,6-glucosidase, was detected
at low levels only in near-zero growth phase. Furthermore,
an essential enzyme of glycogen degradation, ADP-sugar-
pyrophosphatase (AspP), which catalyses the conversion of
ADP-glucose to glucose 1-phosphate, was only detected
during the starved phase. AspP functions are also tightly
regulated to prevent ADP-glucose accumulation and to
divert the carbon flux from glycogen biosynthesis to other
metabolic pathways in response to starvation [69].

Taken together, glycogen could be synthesized via three
known pathways during the growing and near-zero growth
phase; the GlgC-GlgA and the Rv3032 pathways from
nucleotide sugars (ADP-glucose and UDP-glucose) and the
GlIgE pathway from a disaccharide intermediate (maltose-1P).
Meanwhile, its degradation appears to be simultaneously
occurring through the GIgP and TreYZ pathway, which
generates key intermediates (i.e., glucose-1P and trehalose,
respectively) for glucan reassembly. This indicates that a part
of glycogen is being continuously recycled during the
growing and near-zero growth phase, leading to accumulation
of glycogen as a result of higher production rate. On the other
hand, during the starved phase the glycogen production from
nucleotide sugars (ADP- and UDP-glucose) appears to cease
due to absence of GIgA and Rv3032, whereas GlgP- and
TreYZ-mediated degradation (regeneration of Glucose-1P
and trehalose) still continuously occurred. Thus, the intra-
cellular glycogen content decreased rapidly (Fig. 3). The
regenerated glucose-1 phosphate and trehalose could be used
for other purposes.

Trehalose metabolism

Glycogen metabolism is closely interlinked to trehalose
metabolism [2—4]. Trehalose is a stable compatible solute
and stress protectant, which is composed of two glucose
molecules connected through an o-1,1-glycosidic bond.
Furthermore, trehalose can be used as an energy storage
[70].
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Five major pathways are known for trehalose biosynth-
esis in bacteria; from glycolytic intermediates like glucose-1
phosphate (a monosaccharide) via the GalU-OtsAB,
GlgC-TreT, and TreP pathways, from maltose (a dis-
accharide) via the TreS pathway and from «-1,4-glucans
(glycogen) via the TreYZ pathway (Fig. 7). In the
GalU-OtsAB and GIgC-TreT pathways, nucleotide sugars
(ADP-glucose and UDP-glucose) are used as building
blocks. In the TreS pathway, TreS converts maltose directly
into trehalose by converting a-1,4 glycosidic bond to a-1,1
glycosidic bond [71, 72]. In the TreYZ pathway, glycogen
is first debranched into linear a-1,4-glucans (maltodextrin)
with glycogen debranching enzymes (ISA, AGL, and/or
GlgP with GlgX-MalQ). Maltodextrin is then converted to
trehalose with glucosylmutase (TreY), which converts the
terminal a-1,4-bond (reducing end) of a linear glucan into
an a-1,1-bond, forming maltooligosyltrehalose, and the
formed trehalose is released with trehalohydrolase (TreZ)
[2, 3, 73].

Genomic analysis revealed that “Ca. B. sinica” possesses
almost all the genes encoding enzymes involved in these
trehalose biosynthesis pathways [28]. According to pro-
teomic analysis, the enzymes involved in the TreP pathway
from glucose-1 phosphate and the TreT pathway from
ADP-glucose were highly expressed only in the growing
phase, whereas the OtsAB pathway via UDP-glucose was
less abundant in all growth phases. Furthermore, the UTP-
glucose-1-phosphate  uridylyltransferase (GalU), which
forms UDP-glucose from glucose-1-phosphate, was not
detected. The maltose pathway (TreS) was identified only in
the growing and near-zero growth phase. On the other hand,
the TreYZ pathway was detected at moderate levels in all
growth phases.

Taken together, a key intermediate for all biosynthesis
routes (i.e., glucose-1P) was sufficiently supplied from the
gluconeogenesis in the growing phase and thus diverted
toward trehalose biosynthesis via the de novo TreP and
TreT pathways. In addition, trehalose was also produced
from glycogen via the TreYZ pathway and from maltose via
the TreS pathway in the growing and near-zero growth
phase. By contrast, glycogen became a primary source of
trehalose via the TreYZ pathway in the starved phase.
Trehalose produced at onset of the starved phase was con-
sumed rapidly (Fig. 5). These results imply that trehalose
was utilized as a source of energy and could function as a
stress protectant to protect proteins and cell membranes
from denaturation or aggregation and other damages under
stressed conditions. However, further study is required to
understand the relationship between accumulation of gly-
cogen and trehalose and stress resistance in anammox
bacteria in detail.
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Roles of glycogen metabolism in chemolithoautotrophic
“Ca. B. sinica”

The ability of “Ca. B. sinica” to use reduced carbon com-
pounds (e.g., formate, acetate, and propionate) as an energy
and carbon source has been reported [8, 28]. In the present
study, “Ca. B. sinica” was cultured under autotrophic
growth conditions (without addition of those reduced car-
bon compounds) with CO, as sole carbon source. The
stored glycogen was started being utilized at the onset of
entering the near-zero growth phase (Fig. 3). The stoi-
chiometric ratio of produced NO;~ and consumed NH,"
before glycogen utilization was 0.364+0.165 and
decreased to 0.205 +0.095 during glycogen utilization (a
statistically significant difference; P <0.015). This phe-
nomenon was reproducible in a replicated run (0.355+
0.119 in the growing phase, 0.095 +0.079 in the near-zero
growth phase, and 0.420+0.147 in the second growing
phase (P <0.0001)) (Fig. S4). These results might suggest
that glycogen degradation provides the cells with alternative
reducing power (NADH and/or NADPH) and energy for
CO, fixation or metabolites of glycogen degradation (e.g.,
glucose) were directly utilized as precursors of biomass
synthesis, resulting in a lower energy requirement for
energetically expensive CO, fixation.

Apparently, “Ca. B. sinica” possesses multiple bio-
synthesis pathways of both a-1,4-glucan and trehalose. In
particular, the existence of three a-1,4-glucan biosynthesis
pathways in “Ca. B. sinica” is revealed for the first time. In
addition to the classical GIgC-GIgA pathway, the GIgE
(although Pep2 is missing) and Rv3032 pathways are
identified by the proteomic analysis. The complete GIgE
pathway has been identified in only 14% of sequenced
bacteria genomes, and the Rv3032 pathway is more likely
restricted to Mycobacteria [2]. Disruption of either of the
GIgE or the Rv3032 pathway has no effect on the growth of
Mycobacterium tuberculosis, but blocking both is lethal
[65]. This implies that the pathways are partially redundant
at least. It is still not clear how much these pathways are
inter-connected and how they are regulated, which requires
further studies. In addition, it would be interesting to
investigate whether the physico-chemical nature of the a-
1,4-glucans produced via these different routes is same.
Notably, the GIgE pathway (TreS—Pep2-GIgE-GIgB) cou-
pled with the TreYZ pathway seems to be a complemental
way of cycling glycogen and trehalose. Glycogen is the
major storage carbohydrate in “Ca. B. sinica” (glycogen
constituted ~2-3% of biomass dry weight whereas trehalose
constituted only <0.1%, Fig. 5). The role and regulation of
both cycling pathways in chemolithoautotrophic anammox
bacteria requires further investigation.
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Conclusions

During the growing phase, the intracellular glycogen content
in “Ca. B. sinica” was observed to increase while the spe-
cific growth rate (x) and the ATP/ADP ratio was decreased.
The stored glycogen begun to be utilized gradually at onset
of entering the near-zero growth phase and degraded rapidly
when the cells were starved. This indicates that stored gly-
cogen is used as an energy storage at least. Furthermore,
proteome analysis suggested that “Ca. B. sinica” possesses
multiple biosynthesis pathways of both a-1,4-glucan and
trehalose and that glycogen seems to be continuously syn-
thesized and degraded (implying the recycling of glycogen)
in the growing phase. A part of stored glycogen was tran-
siently converted to trehalose when the cells were starved,
implying that glycogen is used as a carbon source of tre-
halose biosynthesis serving as a stress protectant.

Glycogen appears to play relevant roles in the survival of
anammox bacteria in natural habitat, and glycogen meta-
bolism is highly interlinked with multiple and important
cellular processes. Further study is required to understand
the regulation of glycogen and trehalose metabolism and
their significance in survival under substrate starvation
conditions and biofilm formation.
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