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Guangdong Provincial Key Laboratory of Fermentation and Enzyme Engineering, School of Biology and Biological
Engineering, South China University of Technology, Guangzhou, China

Ammonia-oxidizing archaea (AOA) are widely distributed on the earth and play a
significant role in the global nitrogen cycle. Although dozens of AOA strains were
obtained in the last 13 years, it is still necessary to obtain more AOA strains for
the entire exploration of their ecology, physiology, and underlying biochemistry in
different environments. In this study, we designed a two-step strategy for the rapid
enrichment of Nitrosocosmicus—like AOA from sails. Firstly, combination of kanamycin
and ampicillin was chosen as the selective stress for bacteria and quartz sands were
used as the attachment of AOA cells during the first step cultivation; only after 40—
75 days cultivation, AOA enrichments with abundance >20% were obtained. Secondly,
combination of ciprofloxacin and azithromycin was chosen as the selective stress for
the following cultivation; it is able to penetrate the biofilms and kill the bacterial cells
inside the aggregate, contributing to the AOA enrichments reached high abundances
(90%) only after one-time cultivation. Basing on this strategy, three AOA strains were
obtained from agricultural soils only after 90-150 days cultivation. Phylogenetic analysis
suggested these AOA belong to the soil group I.1b Thaumarchaeota and are closely
related to the genus Nitrosocosmicus. In general, AOA enrichment or isolation is very
difficult and time-consuming (an average of 2-3 years). Here, we provide a new strategy
for the rapid enrichment of high abundance of Nitrosocosmicus-like AOA from soll,
which gives a new solution to the AOA enrichment and cultivation in a short period.
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INTRODUCTION

Autotrophic aerobic ammonia oxidation is the primary step in oxidizing ammonia to nitrate and
is therefore central to the global nitrogen cycle (Kowalchuk and Stephen, 2001). This biochemical
reaction could be performed by ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea
(AOA), and comammox bacteria (Beeckman et al., 2018). However, for a long time, AOB were
assumed to be the sole drivers of ammonia oxidation in the environment. It was not until 2005,
when the first AOA strain, Nitrosopumilus maritimus SCM1, was successfully isolated, that the
member of AOA was recognized as one of the contributors to ammonia oxidation (Konneke et al.,
2005). From then on, detection, enrichment and cultivation of AOA belonging to the phylum
Thaumarchaeota have been widely carried out (Francis et al., 2007; Lehtovirta-Morley, 2018).
Autotrophic ammonia-oxidizing microorganisms all possess ammonia monooxygenase (AMO),
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but the overall stoichiometry of it in AOA is indistinguishable
from that of AOB and shows a higher affinity to ammonia
(Martens-Habbena et al., 2009; Kits et al., 2017; Kuypers, 2017).
AOA appear to be adapted to life under nutrient limitation
(Horak et al., 2013; Shiozaki et al., 2016), which suggests that they
have a significantly broader habitat range than the characterized
AOB. They appear to be the dominant archaeal clade in soil
(generally comprising 1-5% of all prokaryotes) (Ochsenreiter
et al., 2003; Lehtovirta et al., 2009; Tago et al.,, 2015), the marine
system (comprising 20-40% of all marine bacterioplankton)
(Karner et al., 2001; Church et al., 2003), and geothermal habitats
(Zhang et al., 2008; Dodsworth et al., 2011).

According to their performances on the ammonia oxidation
in most natural systems, AOA have been believed to play
a significant role in the global nitrogen cycle (Leininger
et al., 2006; Pratscher et al., 2011; He et al., 2012). However,
their roles have not been studied as extensively as AOB; it
is still necessary to fully explore their ecology, physiology,
and underlying biochemistry in environments (Stahl and
de la Torre, 2012). Then, it is urgent to obtain more AOA
isolates or enrichments. Up to now, 32 different AOA
strains distributing in eight archaeal genera (Nitrosopumilus,
Nitrosocaldus, Nitrosopelagicus, Nitrososphaera, Nitrosotalea,
Nitrosoarchaeum, Nitrosotenuis, and Nitrosocosmicus) have been
reported (Supplementary Table S1). Though dozens of AOA
isolates and enrichments were obtained in the last 13 years, a
time-saving strategy of AOA enrichment and isolation has rarely
been reported in this field.

Due to the low maximum specific growth rate (0.011-
0.033 h~!) and inhibition by low concentrations of ammonia
(2-100 mM) and nitrite (0.028-5.7 mM) (Lehtovirta-Morley
et al., 2016), it usually takes a very long time to obtain AOA
enrichment from natural samples. Although some organics
(such as pyruvate, oxaloacetate, malate, etc.) were reported
to be able to promote the growth of AOA (Tourna et al,
2011; Kim et al, 2016; Sauder et al, 2017), they were
also consumed by the symbiotic heterotrophic bacteria in
the enrichment cultures. More importantly, AOA members
related to the Nitrosocosmicus clade can produce extracellular
polymeric substances (EPS) to form cell aggregates or biofilms,
which provides nutrition and protection for bacterial cells
(Flemming et al, 2016; Jung et al, 2016; Kerou et al,
2016). Antibiotics (such as Streptomycin, Kanamycin, and
Ampicillin) are often used as the selective stress for the
AOA enrichment and purification (Supplementary Table
S1). However, the application of antibiotics often stimulates
the biofilm formation and the bacterial antibiotic resistance
(Hoffman et al., 2005; Kaplan, 2011).

In this study, we designed a two-step strategy for the
rapid enrichment of AOA from the environment (Figure 1).
During the first step, soil samples were cultivated in the
culture media containing no antibiotic; after the identification
of nitrite in the culture, 10% of the initial enrichment was
transferred into the subculture using kanamycin-Ampicillin as
selective stress for the bacterial growth, and quartz sands as
attachment for the AOA cells; in the following transfer, the
quartz sands in each subculture were obtained and used as

inoculums for the next subculture. During the second step,
the quartz sands were collected when AOA abundance on
the attachment reached 20% and were transferred into a
new subculture using Ciprofloxacin-Azithromycin as selective
stress; after 2 to 3 subcultures, high abundance of AOA
enrichment could be obtained. Using this strategy, three AOA
enrichments (abundance >90%) that closely related to the genus
Nitrosocosmicus were obtained from agricultural soils, after only
90 to 150 days of cultivation.

MATERIALS AND METHODS

Characterization of Soil Sample

Soil samples were collected from paddy fields, garden and
vegetable fields (Supplementary Table S2). The diversity of AOA
distributed in these soils were studied using high-throughput
sequencing archaeal 16S rRNA and amoA genes, which generated
an average of 9,109 and 8,838 filtered reads, respectively
(Supplementary Table S3). Bioinformatics analysis indicated
that the AOA community in these soils mainly consisted of
Nitrosocosmicus, Nitrososphaera, Nitrosopumilus, Nitrosotenuis,
and Nitrosotalea (Supplementary Figure S1); the Shannon
estimator from alpha diversity indices indicated that the SS
(Suishi village) soil had the highest AOA diversity and abundance
of AOA (Supplementary Table S3). Based on these results, the
SS soil was used as an environmental sample for the AOA
enrichment in this study.

Cultivation and Enrichment

Five grams of soil collected from the SS site were inoculated
into 100 mL of the culture medium and initialized the
AOA enrichment in accordance with the two-step strategy.
Cultivation of ammonia oxidizer was carried out using an
mineral salts medium containing NaCl (1 g L, MgCl,-6H,0
(04 g L71), CaCl,-2H,0 (0.1 g L™1), KH,PO4 (0.2 g L7Y),
KCl (0.5 g L™!), and filtration-sterilized solutions including
1 mL L7! trace element solution (1.5 g L~! FeCl,-4H,O,
190 mg L~! CoCly-6H,0, 100 mg L~! MnClL,-6H,0, 70 mg
L~! ZnCl,, 62 mg L~! HBO;, 36 mg L~! Na;MoO4-2H,0,
24 mg L~! NiCl,-6H,0, and 17 mg L~!' CuCl,-2H,0),
1 mL L=! Fe-EDTA solution (details are presented in the
Supplemental Materials), 336 mg L~! NaHCO3, and 107 mg
L™! NH4Cl; the pH value of medium was adjusted to
7.0. Each enrichment culture was incubated at 30°C in
the dark without shaking and transferred into fresh media
by the time the ammonium concentration was reduced to
about 20% of the initial level. 50 mg L™! of streptomycin,
kanamycin, ampicillin, carbenicillin, and tetracycline in different
combinations were supplied to the mineral salt medium.
Based on the accumulation of nitrite, an effective antibiotic
combination was chosen as the selective stress for subcultures.
During the cultivation, the concentrations of nitrite and
ammonium were determined by Griess-Ilosvay method and
indophenol blue method, respectively (ISO/TS 14256-1:2003,
2003). In order to remove fungi contamination, 10 mg L™!
natamycin was added to the initial culture medium. During the
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FIGURE 1 | Schematic process of a strategy for rapid enrichment of high abundance AOA. During the first step, the AOA cells were directly absorbed by quartz
sands and concentrated on the surface of quartz sands; during the second step, the antibiotic combination ciprofloxacin-azithromycin penetrates biofims and kills
bacteria in the aggregate.

first transfer, the cultures were filtered through a 5 pm filter
to remove soil debris and the bacterial cells embedded in the
massive biofilms.

To assess the effect of quartz sands on the directional
concentration of AOA, 10% (v/v) of enrichment cultures
were transferred into the fresh liquid media containing 2,
5 or 10% (w/v) of quartz sands (~ 1 mm diameter). After
the ammonium was reduced to 20% of the initial level, the
liquid cultures and quartz sands were collected and used
for the AOA quantitative analysis, respectively. After the
assessment, media containing 10% (w/v) of quartz sands were
chosen for the following subcultures. During each transfer,
all of the quartz sands in the culture were collected and
transferred into fresh media for the next subculture. When
the ammonia-oxidizing rate (nitrite-producing rate) and
archaea abundance in subcultures reach a stable phase (the
relative abundance of AOA in enrichment has no increase),
antibiotics including kanamycin, ampicillin, tobramycin,
ciprofloxacin, azithromycin, tetracycline, polymyxin, lincomycin,
and spiramycin were used to evaluate the effect on the
removal of bacterial cells in the biofilm that formed during
the AOA enrichment.

Genomic DNA Extraction

To extract the total DNA in liquid culture, 20 mL enrichment
culture was collected and filtered through a cellulose filter
(0.22 pm, Thermo Fisher Scientific); the filter retaining with
cells was collected and cut into pieces and placed in a 2 mL
grinding tube containing 1 g quartz sand. To extract the
total DNA from the quartz sand, 1 g quartz sand from
the enrichment culture was collected and placed in a 2 mL

grinding tube. 0.5 mL CTAB extraction buffer (10% CTAB,
0.7 M NaCl, 240 mM potassium phosphate buffer, pH 8.0) and
0.5 mL phenol-chloroform-isoamyl alcohol solution (25:24:1,
pH 8.0) was added into the tube and mixed for 5 min using
the Vortex Adapter (13000-V1-24, QIAGEN, Germany). After
the pretreatment, genomic DNA was extracted according to
a protocol that was previously reported by Griffiths (Griffiths
et al, 2000). After the DNA extraction, 20 ng glycogen
(Thermo Scientific, United States) was used as co-precipitant
to deposit DNA from the DNA precipitated solution (30%
polyethylene glycol 6000, 1.6 M NaCl). The DNA purity
was determined using a UV spectrophotometer (NanoDrop
2000, Thermo Scientific, United States) and by agarose gel
electrophoresis. The DNA samples were stored at —20°C for
further PCR amplification.

Gene Clone, Identification and

Phylogenetic Analysis

Nearly complete 16S rRNA gene and archaeal amoA
gene of the AOA enrichments were PCR amplified using
primer pairs A21f/1492r and CrenamoA23f/CrenamoA616r
(Supplementary Table S4), respectively. PCR products
were purified, ligated into pMD®19-T Vector (Takara,
Dalian, China), and transformed into Escherichia coli DH5a.
Recombinant clones were picked and sequenced with RV-M
and M13-47 vector specific primers by IGE Biotechnology
(Guangzhou, China).

Evolutionary histories of archaeal 16S rRNA gene nucleotide
sequences and amoA gene translated protein sequences
were inferred using the maximum likelihood method, based
on the Tamura 3-parameter model. All alignments and
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phylogenetic analyses were conducted by the software MEGA 7
(Kumar et al., 2016).

Quantitative PCR

Archaeal and bacterial 16S rRNA genes were PCR amplified
using primer pairs SS16S-1F/SS16S-1R (a primer set specific
for Ca. Nitrosocosmicus sp., designed with primer-blast tool in
NCBI, according to the 16S rRNA gene sequences from genus
Nitrosocosmicus) and 1369F/1492R (Supplementary Table S4),
respectively. Agarose gel purified PCR products of archaeal or
bacterial 16S rRNA genes were cloned using the TA-cloning
kit (Takara, Dalian, China). Plasmids were extracted using the
TIANpure Mini Plasmid Kit II (TTANGEN, Beijing, China) and
digested using QuickCut™ Hind III (Takara, Dalian, China).
The linearized plasmid was used to construct the standard
curves. Standard curves were prepared using six serial tenfold
dilutions ranging from 10% to 107 gene copies/mL. The DNA
was quantified by determining the copy number as well as the
concentration and base pair composition of related genes. All
quantitative PCR were performed in triplicate on an ABI 7500
Fast real-time PCR system (Applied Biosystems) using TransStart
Tip Green qPCR SuperMix (Transgen, Beijing, China). The
reaction condition was as follows: 2 min at 94°C; 40 cycles
of 10 s at 94°C and 34 s at 60°C. The correlation coefficients
(R?) of the standard curves were 0.999. The amplification
efficiencies (E) of archaeal and bacterial 16S rRNA gene
were 85 to 93%.

Microscopy

To observe the biofilms formed on the surface of quartz
sands, glass slides were used as the attachment and laid
vertically in the enrichment cultures. After incubation, the
slides were directly subjected to the Fluorescence in situ
hybridization (FISH) analysis. FISH was performed by a modified
method as previously described by Nielsen et al. (2009).
In brief, samples were fixed with 50% ethanol (mixed with
PBS) at 30°C for 48 h. After resuspending in PBS, samples
were immobilized on Poly (L-lysine) slides and dehydrated
by graded ethanol (50%, 80% and 98%, each gradient was
treated for 3 min); cells were incubated with proteinase K
(50 ug/mL) for 30 min at 37°C and washed three times using
dH,0. After permeabilized, cells were hybridized at 46°C for
3 h in hybridization buffer with 35% formamide using an
Alexa Fluor 488 labeled probe Eub338 and an Alexa Fluor
546 labeled probe Arch915 (Supplementary Table S4). After
hybridization, samples were covered with prewarmed washing
buffer and incubated at 48 °C for 20 min, followed by
covering with ProLong™ Diamond Antifade Mountant with
DAPI (Invitrogen, United States). Microscopic observation and
documentation were accomplished using a scanning confocal
microscope (LSM 710, Carl Zeiss, Germany) and the ZEN
2011 black software.

For scanning electron microscopy (SEM), the fixed cells were
mounted on an aluminum stub and sputter-coated with platinum
using a sputter coater EMS150T (EMS, United Kingdom),
then imaged using a FEI Q25 scanning electron microscope
(FEI, United States).

Nucleotide Sequence Accession Number
The nucleotide sequences accession number of the cultured AOA
(16S rRNA and amoA gene sequence for phylogenetic analysis)
and soil sample (amplicon raw data for community analysis) are
summarized in Supplementary Table S5.

RESULTS
Cultivation and Enrichment of AOA

To find a suitable antibiotic for suppressing bacterial
growth at the beginning of AOA enrichment, the nitrite
that produced in ammonia oxidation was used as the
evaluation index for antibiotic selection. As results show in
Supplementary Figure S2, addition of kanamycin and ampicillin
as the selective stress had 2.44 mg L~! nitrite accumulation,
which was higher than the other antibiotic combinations,
indicating that they could be used for the AOA enrichment.

During the first subculture in the first step, the NHy™
consumption contributed to about 19.57 mg L~! NO,”-N
production after 24 days cultivation (Figure 2A). The PCR
detection performed using the bacterial amoA primers 1F/2R,
suggested the absence of AOB in the first step enrichment.
Since then, the period time of enrichment cultivation was
shortened to 10 days in the third subculture, 8 days in the fifth
subculture, and 6 days in the eighth subculture. From the eighth
subculture, the ammonia-oxidizing rate and nitrite-producing
rate always remained at stable levels, which indicated that the
AOA enrichment cultivation reached a stable phase. This result
was consistent with the result of a quantitative PCR analysis,
that the archaea abundance in the cultures dynamically changed
between 34 and 39% after the fourth subculture (Figure 2B). In
fact, the archaea abundance had already reached 47% after the
third subculture; however, the abundance no longer continuously
increased after that time, while only archaeal and bacterial cells
increased simultaneously at the same time (Figure 2B). This
result suggests that the presences of some bacterial species in
the enrichment culture obtained a tolerance or resistance to the
activities of kanamycin and ampicillin and then survived under
the antibiotic selective stress.

The resistance of bacteria to antibiotics might come from
the protection by biofilms that formed by the AOA growing on
the surface of quartz sands. Some AOA strains belonging to the
Nitrosocosmicus clade have been reported to form aggregates and
biofilms (Jung et al., 2016). Similarly, biofilms were also observed
to form on the surface of quartz sands (Supplementary Figures
S3a,b). Even though the biofilms were not as thick as the biofilms
that were formed by many heterotrophic bacteria, they may still
have the potential to decrease the activities of antibiotics. To
inhibit the biofilm formation or suppress the bacterial growth
in the biofilm, some new antibiotics were applied and assessed
for their effects. As results shown in Figure 3, addition of
tobramycin or polymyxin inhibited the ammonia oxidation of
AOA enrichments, as well as the archaeal and bacterial growth
in the enrichment cultures; the spiramycin not only inhibited
the ammonia oxidation, but also resulted in a large increase
of bacteria; tetracycline and lincomycin in some extent had no
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FIGURE 2 | Ammonia consumption and nitrite accumulation (A), as well as thaumarchaeal and bacterial 16S rRNA gene copies (B) of the AOA enrichment during
each subculture in use of kanamycin and ampicillin as selective stress; the ammonium with a concentration of 28 mg/L NH4*-N was added into the initial culture
medium and each subculture; when the concentration of NH4*-N was reduced to about 20% of the initial level, the sands in the enrichment were obtained and
transferred into a fresh medium for subculture. Error bars indicate the standard error of the mean for biological triplicates.

104

influence on the ammonia oxidation and showed positive effects
on limiting the bacterial growth, which contributed to 61-72%
of archaea abundance in the enrichment cultures. In comparison
with other antibiotics, ciprofloxacin and azithromycin have
no influence on the ammonia oxidation and contributed to
the archaea abundances as high as 82% and 87%, respectively
(Figure 3B). Moreover, the combination of ciprofloxacin and
azithromycin resulted in 91% of the archaea abundance, which
was about two times higher than that used in the combination
of kanamycin and ampicillin. In the following, subcultures using

ciprofloxacin-azithromycin, the archaea abundances remained
steady at high levels ranging from 92 to 94% (Figure 3C).
During the AOA cultivation, the bacterial and archaeal cells
would aggregate together and form biofilms in the absence
of antibiotic (Supplementary Figure S3c). With the presence
of kanamycin and ampicillin, thicker biofilms were formed,
and more bacteria grew inside the biofilms (Supplementary
Figure S3d). Differently, the combination of ciprofloxacin
and azithromycin was able to limit the formation of thick
biofilms (Supplementary Figure S3e). The comparison of FISH
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Plan-Apochromat 40x/1.3 Qil DIC M27; SEM condition was HV = 5.00 kV, mag = 40000x, scale bar = 1 wm. Error bars indicate the standard error of the mean for

observation indicated that the combination was able to penetrate
the biofilms and kill most of the bacterial cells (Supplementary
Figures S3c-e). The stable high-abundance of AOA in the
enrichment cultures indicated that the addition of ciprofloxacin
combined with azithromycin as a selective stress is effective in the
removal of bacteria in the aggregate, obtaining high abundance of
AOA from the environment in a short-period.

Characterization of High Abundance
AOA Enrichment

Based on the two-step strategy, one enrichment with high
abundance of AOA was obtained after 150 days of cultivation.
This AOA enrichment was able to consume 13.74 mg L~!
NH;"-N and reached a cell density of 6.34 x 10° cells g~!

sand in 14 days (Figure 4a). The FISH profile indicated that
only a few bacterial cells was detected in the enrichment
culture (Figure 4b), which is consistent with the result of
quantitative PCR analysis. The SEM micrograph indicated
that these archaeal cells are coccoid and 0.6-1.2 pm in
diameter (Figure 4c). They often appeared in groups or
aggregation, which may be covered in an extracellular
matrix. On the basis of archaeal 16S rRNA and amoA
gene sequences, the archaea strain in the enrichment
culture belongs to the soil group I.1b Thaumarchaeota,
specifically in the Nitrosocosmicus cluster, and is closely
related to Ca. Nitrosocosmicus exaquare G61, showing
99.6% and 94.3% similarity, respectively. According to the
phylogenetic analysis, the Thaumarchaea is named as Ca.
Nitrosocosmicus sp. SS.
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Application of the Two-Step Strategy to

Other Soils

Soil samples that were collected from paddy fields (HN_SD) and
banana fields (HN_BJ) were subjected to the AOA enrichment
using the methods described above. The newly collected soils
were checked for the presence of AOA species using PCR
amplification of the amoA gene (Supplementary Figure S4a).
During the first-step cultivation, the AOA abundance in the
enrichments of HN_SD and HN_BJ soils reached 20% only
after 75 days of cultivation (Supplementary Figures S4b-d),
similar to the previous enrichment. During the second step, the
AOA abundance in the enrichments of HN_SD and HN_B]
soils reached 91% and 89%, respectively, after only 12 days of
cultivation (Supplementary Figure S4d). The FISH profiles also
indicated that only a small number of bacterial cells were detected
in the two enrichment cultures (Supplementary Figures S4e,f).
Phylogenetic analysis, based on archaeal 16S rRNA and amoA
gene sequences, suggested that the newly obtained archaea
in the two enrichments are also affiliated with the genus
Nitrosocosmicus, named Ca. Nitrosocosmicus sp. HNSD and Ca.
Nitrosocosmicus sp. HNB]J, respectively (Figure 5).

DISCUSSION

In the last two decades, 32 AOA pure cultures and enrichments
were obtained from different environments (Supplementary
Table S1). However, the vast majority of AOA in natural
ecosystems is uncultured and thus the ecology, physiology,
and biochemistry of this vital N-cycling clade is still largely
unknown, especially in soils. In this study, a two-step strategy

was proposed and used for the rapid enrichment of AOA
from soils. During the first step, the AOA cells were directly
concentrated on the surface of quartz sands by the formation
of biofilms. However, the bacterial cells were also embedded in
the biofilms (Supplementary Figure S3a), which contributed to
alow abundance of AOA in the enrichments. Then, in the second
step, an antibiotic combination ciprofloxacin-azithromycin was
applied to penetrate the biofilms and kill the bacterial cells
inside the aggregate. Based on the strategy, high abundance
AOA enrichments were obtained from agricultural soils after
only 90 to 150 days of cultivation. This period is much shorter
than other published AOA strains, like the hot spring groups
Ca. Nitrosotenuis uzonensis N4 (7 years), Ca. Nitrososphaera
gargensis (6 years) and Ca. Nitrosocaldus cavascurensis (4 years),
the soil groups Ca. Nitrosotenuis chungbukensis MY2 (3 years),
Ca. Nitrosotalea sp. Nd2 (3 years) and Nitrososphaera viennensis
EN76 (2 years), and the manmade ecosystem groups Ca.
Nitrosocosmicus exaquare G61 (3 years) and Ca. Nitrosotenuis
cloacae SAT1 (1 year) (Supplementary Table S1).

In an oligotrophic environment, the CO, fixing activity
of chemolithoautotrophic microorganisms often represents the
primary organic source of complex microbial communities
(Dattagupta et al., 2009; Denef et al., 2010). Similarly, during
cultivation in inorganic media, AOA is the sole primary
producers in the system and thus the sole source for organic
carbon, which supports growth of heterotrophic bacteria and
indirectly initiates the cells aggregate and biofilm formation
on the surface of quartz sands. Notably, the member of
the Nitrosocosmicus clade has usually been reported to form
aggregates and biofilms by the secretion of EPS (Jung et al.,
2016; Lehtovirta-Morley et al., 2016). It was reported that 77%
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FIGURE 6 | Proportions of AOA in the liquid cultures and on the quartz sands.
10% liquid — quartz sands means 10% enrichment culture was transferred
into the fresh media containing 2, 5, or 10% (w/v) quartz sands; quartz sands
— quartz sands means all of the quartz sands in the enrichment cultures
containing 2, 5, and 10% quartz sands were collected and transferred into the
fresh media. Error bars indicate the standard error of the mean for biological
triplicates.

and 73% of the cells of Ca. Nitrosocosmicus sp. MY3 were
attached to hydrophobic bead and vermiculite, respectively;
no significant attachment was observed for Ca. Nitrosotenuis
chungbukensis (Jung et al., 2016). In addition, the genomic
analysis indicated that members of Nitrososphaerales (such as
Nitrososphaera viennensis) encode an extensive repertoire for
biofilm formation including EPS production and cell surface
modification (Kerou et al., 2016). Although the potential of
biofilm formation has not been extensively studied in AOA,
these results indicate that the presence of solid attachments (such
as quartz sands) might benefit the rapid enrichment of AOA
from environmental samples via the directional concentration
of biofilms. As results show in Figure 6, the more quartz sands
used the more the AOA attached on the quartz sands after
30 days of cultivation; with the addition of 10% (w/v) quartz
sands, 46% of the AOA in enrichment culture attached on the
surface of quartz sands when the culture inoculated with 10% of
liquid seed, while 75% of the AOA attached on the quartz sands
when the culture inoculated with quartz sands (attached with
AOA cells). Moreover, the addition of kanamycin and ampicillin
promoted the formation of biofilms, which might result in the
concentration of AOA to the surface of quartz sands in a short
time (Figure 4b).

During the enrichment cultivation, the AOA and bacterial
cells formed a stable aggregate in biofilms, especially in
the presence of antibiotics (Supplementary Figures S3a,b,d).
Biofilm-induced antibiotic resistance has widely been reported
in pathogenic bacteria (Hoffman et al., 2005); however, it is
seldomly reported or discussed in AOA cultivation. Though it has
become clear that archaeal biofilms are ubiquitous in a natural
environment; we are still, however, far from comprehending the

molecular mechanisms of interaction among the bacteria and
the archaea in biofilm based antibiotic pressure (Orell et al.,
2013). It is suggested that the presence of a bacterial partner
in the biofilm stimulates AOA growth and enhances aggregate
formation (Jung et al., 2016). The EPS synthesized by AOA
could be used by heterotrophic bacteria as a substrate and
embed the bacterial cells in the biofilm, which contributes to
bacterial antibiotic resistance (Hallstoodley et al., 2004; Flemming
et al., 2016). Moreover, the bacterial partners can reduce reactive
oxygen stress of AOA by scavenging H,O,. This is beneficial for
AOA, since they produce H,O, during their growth, but many
species lack a catalase for detoxification of the produced H,O,.
Recently, it was shown that the absence of bacterial partners
or H,O, scavenging a-keto acids resulted in the inhibition of
AOA growth (Kim et al., 2016). The H,O, detoxification by
bacterial partners harboring catalases is a key mechanism for
supporting the AOA growth and would be a reason why it is
difficult to remove the bacteria during the AOA enrichment.
However, in this study, addition of different concentrations of
pyruvate had no significant effect on improving the ammonia
oxidation (Supplementary Figure S5). Catalase genes have
been reported in the genomes of some soil AOA, such as
Nitrososphaera viennensis EN76 (Stieglmeier et al., 2014), Ca.
Nitrosocosmicus oleophilus MY3 (Jung et al., 2016) and Ca.
Nitrosocosmicus exaquare (Sauder et al., 2017), the produced
H,0, could be scavenged by the catalases that produced by
themselves, suggesting their growth independent of bacterial
H,0, scavengers. Overall, the detection of catalase genes in
Nitrosocosmicus species and the unaffected ammonia oxidation
with added pyruvate as H,O, scavenger indicates that H,O;
detoxification might play only a minor role in the interaction of
bacteria and Nitrosocosmicus-like AOA enrichments.

As discussed above, the interaction between AOA and
bacterial partners in the enrichment culture allows them to
better adapt to environmental stresses (such as antibiotic).
To obtain highly enriched or even pure AOA cultures,
this bacterial-archaeal interaction in the biofilm must
be halted. In clinical therapy, some antibiotics (such as
ciprofloxacin and azithromycin) have been proven to be
available when killing pathogenic bacteria by destroying
their biofilms (Saini et al, 2015). Azithromycin could slow
biofilm formation down, penetrate the biofilms and reduce
antibiotic resistance of bacterium as a quorum sensing
inhibitor (Gillis and Iglewski, 2004 Persson et al., 2005;
Yamamoto et al, 2015); Ciprofloxacin is a broad-spectrum
fluoroquinolone antibiotic with good bactericidal activity and can
prevent biofilm formation and reduce the preexisting biofilms
(Reffuveille et al., 2014). Accordingly, we applied these antibiotics
to the AOA enrichment. In comparison with the biofilms that
formed in the cultures without addition of antibiotics and with
addition of kanamycin and ampicillin, the biofilms in the culture
with ciprofloxacin and azithromycin, appeared small and thin
(Supplementary Figures S3d,e), which probably proves that the
presence of these antibiotics can slow the formation of biofilms
down. Higher hybridization rates of FISH also indicated that
the presence of ciprofloxacin and azithromycin could increase
the permeability of biofilms. Moreover, the dispersed cell that
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grows without addition of quartz sand but with addition of
antibiotics were applied to further explore the potential reason
why the combination of ciprofloxacin and azithromycin has
a positive effect on improving FISH hybridization. As results
show in Supplementary Figure S3, the hybridization rate of
Ca. Nitrosocosmicus sp. SS, that cultivated under ciprofloxacin
and azithromycin (Supplementary Figure S3f), were higher than
that under kanamycin and ampicillin (Supplementary Figure
$3g). Ichimiya et al. (1996) had found that the azithromycin was
able to inhibit the production of extracellular polysaccharides.
It seemed that if fewer EPS coated on the cell surface, more
fluorescent probes entered the cells. In summary, the addition of
ciprofloxacin combined with azithromycin as selective stress in
the cultivation effectively inhibited cell aggregation and biofilms
formation, resulting in the removal of most cells and thus to
high abundance of AOA in the cultures. Chen et al. (2017)
have used ciprofloxacin and/or azithromycin in combination
with streptomycin, kanamycin, ampicillin, and tetracycline to
cultivate AOA enrichment. Unfortunately, the growth of AOA
was significantly reduced or totally inhibited by using the
antibiotic combinations. The presence of ciprofloxacin and
azithromycin inhibit the cell aggregation and biofilm formation,
which are believed to be essential for the AOA survival in
the environment, suggesting that these antibiotics cannot be
used in initial AOA enrichment. By contrast, in the second
step of the AOA enrichment strategy in this study, biofilms
with a relatively high abundance of AOA were formed after
the first step of concentration by quartz sands; the addition of
ciprofloxacin-azithromycin penetrated the biofilms and killed
the bacterial cells inside the aggregate, but had no influence
on the AOA growth.

It is tempting to speculate that biofilm-forming, terrestrial
AOA species, such as members of genera Nitrososphaera,
Nitrosotenuis, and Nitrosotalea, can also be enriched using this
two-step enrichment strategy. Many AOA species had been
detected in the soil samples; however, only the member of
Nitrosocosmicus was obtained after the enrichment in this study.
It is suggested that this member forms biofilms faster under
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