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Cold surges result in a rapid drop in air temperature and freezing of seawater, which
was likely to impact bacterial communities. We examined the differences in bacteria
abundance and bacterial community composition in the sea ice and seawater during a
cold surge along Aoshan Bay, southern Yellow Sea in January 2021. Results showed
that the differences in bacteria abundance between sea ice and seawater likely resulted
from the physical impact of ice formation. The parent water played a key role in bacterial
community composition in the early phase of ice formation, in which bacterial community
compositions at class level were similar, but the relative abundances were different
between sea ice and seawater. The Gammaproteobacteria dominated in sea ice, and
the relative abundances of Verrucomicrobiae were also significantly higher, possibly
due to the high concentration of algal-derived DOM in coastal areas. The predicted
functional profiles suggested the lower abundance of functional genes related to ATP-
binding cassette transporters in sea ice than in seawater, which might be due to the
bacteria not requiring varieties of functional genes of ATP-binding cassette transporters
in restricted sea ice brine.

Keywords: cold surge, bacterial community, bacteria abundance, mid-latitude, sea ice

INTRODUCTION

Human activities have caused a dramatic increase in atmospheric carbon dioxide (CO;)
concentration. Rising levels of atmospheric CO», in turn, have led to global temperature rise and
climate change (Alexander et al., 2006; Hansen et al., 2006). Previous studies have indicated that the
frequent cold surges in Eurasia are closely associated with the decreases in autumn-winter Arctic
Sea ice resulting from rising temperature (Takaya and Nakamura, 2005; Petoukhov and Semenov,
2010; Park et al., 2011; Kug et al., 2015; Johnson et al., 2018). The outbreak of cold surges will be
accompanied by cooling, strong winds, rain, snow, and other extreme weather phenomena, causing
frost, rime, and other disasters (Liu et al., 2012). Temperature is one of the most important factors
affecting microbial microorganism growth, and the suitable temperature is within a certain range
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for bacteria (Ewert and Deming, 2014). The occurrence of cold
surges is coupled with a sharp drop in temperature, which may
have an inevitable impact on microorganisms, due to the inability
to adapt quickly to sustain their regular metabolic functions
(Shivaji and Prakash, 2010; Subramanian et al, 2011). Low
temperature also creates favorable conditions for the formation
of sea ice. In high-latitude regions, it was found that both bacteria
and algae experienced a strong metabolic inhibition during
the ice formation (Grossmann and Gleitz, 1993), and the ice
formation and growth reshaped bacterial community structure
in drift ice (Eronen-Rasimus et al., 2015). However, few studies
were conducted in mid-latitude regions (Xu et al., 2012). During
the formation and growth of sea ice, organic and inorganic
components dissolved in seawater are concentrated into the brine
(Duprat et al., 2020). Internal channels with highly saline brine
establish and create distinct habitats for microbial communities,
encompassing members such as algae, bacteria, and viruses from
seawater (Lund-Hansen et al., 2020). The activity of microbes
in sea ice is greatly affected by environmental variables such as
temperature, brine salinity, nutrients, and organic matter, which
are different from seawater (Torstensson et al., 2018; Piontek
et al., 2020). As the most abundant cellular lives in the ocean,
bacteria play an essential role in the marine microbial loop (Azam
et al., 1983). The transformation of various forms of carbon by
bacterial activities is an important regulator of global carbon
fluxes in marine environments and is of profound importance
for marine ecosystems (Azam et al., 1983; Jiao et al., 2010,
2014; Zhao et al., 2019). Bacteria are carried from seawater into
the formed sea ice matrix, and succession and development of
bacterial communities were found along with ice-type changes
(Eronen-Rasimus et al., 2015). Compared to the bacteria in high-
latitude regions which may have adapted to the low temperature
and the formation of sea ice, the bacterial community in mid-
latitude regions where sea ice barely happened may have different
strategies to the formation of sea ice, especially when the ice
formation happened in a very short period.

In the context of global climate change, how bacterial
communities vary from seawater to sea ice during the abrupt
temperature drop and icing caused by cold surges in mid-
latitude regions, where sea ice formation was seldom observed
in the past, is poorly known. In this study, we examined
the differences in bacterial community between the sea ice
and seawater directly after the cold surge in January 2021 to
understand the impact of ice formation on bacteria abundance
(BA) and community composition.

MATERIALS AND METHODS

Site Description and Sample Collection

Aoshan Bay is a semi-enclosed coastal inlet located in southern
Yellow Sea, China. Given its geographical location and climatic
conditions, the minimum air temperature in winter around the
bay is typically above —5°C (Guo et al, 2014), and the sea
fluidity and the sunlight radiation during the day merely meet the
conditions for ice formation. However, a cold surge occurred in
East Asia on January 6th, 2021 and lasted for 3 days, during which

the minimum air temperature in this bay reached —14°C and
massive sea ice appeared on the shore and lasted for 7 days. On
January 11th, the ice and seawater samples around Aoshan Bay
were collected to investigate the change of bacterial community.
Samples were taken from three sites, among which two sites
(S1 and S2) were located in the inner bay and one (S3) in the
outer bay (Figure 1). Ice thickness ranged from 30 to 50 mm,
and the in situ temperature of ice was measured by inserting a
needle temperature probe (TP101) into ice core, with a precision
of & 0.1°C. The sea ice was collected using a stainless-steel saw to
cut chunks from the thin ice and placed into polypropylene bags.
Air was gently removed from the bag using a vacuum pump (H1,
Reelanx). In addition, under-ice seawater samples were directly
collected using 1-L HDPE bottles.

Sample Processing and Analysis

After returning to laboratory, the sea ice was melted in the dark
at room temperature and processed immediately after melting
completely. The salinity of the melted sea ice and seawater
was measured with a salinity meter (Orion star A212, Thermo
Scientific, United States). Brine salinity (Spne) was calculated
from ice temperature using the equation: Spine = 1,000/[1-
(54.11/T)] (Cox and Weeks, 1983). After this, the melted ice
and seawater samples were separately filtered through 0.2-pum-
pore-size polycarbonate membrane filters (25 mm diameter;
Millipore), and the filters were then stored in cryotubes
at —80°C for later DNA extraction. At the same time,
30 mL of melted sea ice and seawater were separately filtered
through 0.45-pm-pore-size membrane filters (Millipore), and the
filtrates were stored at —20°C for nutrients analysis. Nutrient
concentrations including nitrite, nitrate, ammonium, silicate and
phosphate, were measured using a segmented flow analyzer
(SEAL Analytical Ltd., AA3 HR Autoanalyzer) according to

Ocean Data View

FIGURE 1 | Map of Aoshan Bay with the squares showing the sampling
stations. The water color indicates the relative depth of the water column.
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the classical colorimetric methods (Grasshoff et al., 1999). The
detection limits for all channels were 0.1 wmol kg~!. 500 mL of
melted sea ice or seawater was filtered on a pre-combusted glass
fiber filter (25-mm, Whatman GF/F), and the filter and aliquots of
30 mL of filtration were stored at —20°C for chlorophyll a (Chl-
a) and dissolved organic carbon (DOC) analysis, respectively.
Chl-a was extracted overnight by immersing the GF/F filter
into 90% acetone solution and was measured with a Cary
Eclipse spectrofluorometer (Agilent Technologies, Santa Clara,
CA) (Pinhassi et al, 2004). DOC was measured using the
high-temperature combustion method with a TOC-L analyzer
(Shimadzu, Japan) (Liu et al., 2020). Samples of seawater and
melted sea ice were pre-filtrated through a 20-pum nylon mesh,
then fixed with glutaraldehyde at 1% final concentration and
stored at —80°C for BA analysis. After staining with SYBR
Green I Nucleic Acid Gel Stain (Invitrogen) for 10 min in
the dark, the bacteria cell counting was performed with a
flow cytometer (Accuri C6, Becton-Dickinson, United States),
according to side scattering light (SSC) and green fluorescence
(FL1) (Li et al., 2018). Nutrients, Chl-a, DOC, and BA data of
sea ice were normalized to brine concentration to correct for
dilution during melting, and normalized salinity (Cyjne) were
calculated following the equation of Cpyine = Chulk (Sbrine/Sbulk)>
where Cp, was the measured concentration in bulk sea ice;
Sbrine Was the brine salinity and Sy was the measured salinity
of the melted ice (Cox and Weeks, 1983). The sample at site
S3 for nitrate determination in sea ice was contaminated, so the
data was discarded.

DNA Extraction Amplification and
Sequencing

DNA was extracted from 0.2-pm-pore-size membrane
filters (Millipore) using DNeasy PowerSoil Kit (Qiagen,

Germany) (Zhao et al, 2021). The V3-V4 region of
16S rRNA genes was amplified using primer pairs
341F (5'-CCTAYGGGRBGCASCAG-3') and 806R (5'-

GGACTACNNGGGTATCTAAT-3") (Liu et al., 2019), and the
amplicons were sequenced using the Illumina MiSeq platform.

Bioinformatic and Statistical Analysis

Demultiplexing and quality filtering of raw sequences were
conducted in QIIME2 (Bolyen et al, 2019), where amplicon
sequencing variants (ASVs) were generated with DADA2 and
classified against the SILVA 138 database (Robeson et al., 2020).
Sequences assigned to archaea, chloroplast and mitochondrion
were removed from the dataset. Sequencing data from each
sample were normalized based on the smallest sample size to
avoid potential bias caused by sequencing depth. All sequence
data were rarefied to 66,141 sequences per sample for bacterial
diversity analyses. To determine whether alpha diversity differs
across samples, a variety of alpha diversity indices were
calculated, including Shannon (diversity) and Pielou (evenness)
index (Shannon, 1948). To estimate similarity among samples,
hierarchical cluster analysis was also conducted based on a matrix
of different ASVs and their abundance in each sample using
Bray-Curtis dissimilarity calculated using vegan (R package)

and a dendrogram inferred with the unweighted pair-group
average algorithm (UPGMA) (Ortega-Retuerta et al,, 2013).
The BAs of sea ice and seawater were compared using a two-
group White’s non-parametric t-test in STAMP (Parks et al,
2014). To compare the differences in the bacterial community
composition between sea ice and seawater, Bray-Curtis distance-
based principal coordinate analysis (PCoA) was conducted in
the R package “vegan” (Oksanen et al., 2019). The correlation
matrix among different environment parameters was obtained
using the function “cor;” and the plot was obtained using the
function “corrplot” of the “corrplot” package on R4.1.1. The
predicted functional analysis was performed by Tax4Fun2v. 1.1.5
software to explore the functional gene content in the bacterial
community based on the 16S rRNA sequencing data (Wemheuer
et al., 2020). The differences of functional genes or pathways
between sea ice and seawater were compared using t-test in
STAMP (Parks et al., 2014).

RESULTS

Biochemical Environmental Parameters

The brine salinity of sea ice varied between 35.64 and 55.84, and
the salinity in seawater ranged from 32.23 to 40.37 (Table 1).
The temperature in seawater was around —1.1°C, while the
temperature in sea ice varied from —3.2 to —2.0°C. Salinity
between the seawater and sea ice (brine salinity) were similar at
site S1, while the brine salinity of sea ice was higher than that
of seawater at site S2 and S3. Nitrate concentrations in seawater
were different among the three sampling sites, whereas the nitrite,
ammonium, silicate, and phosphorus were more homogenous.
The nutrient concentration of sea ice was higher, particularly
at site S2. The DOC concentrations of seawater and sea ice
ranged from 168.1 to 219.0 and from 211.7 to 552.2 pumol kg~ 1,
respectively. Higher DOC concentrations in seawater and ice
were found at sites S1 and S2, individually. Seawater at sites
S2 and S3 showed a high concentration of Chl-a. The Chl-a
concentration in sea ice was lower than that in seawater, and
that at site S1 was the lowest among the three sites. The BA in
seawater varied from 1.4 x 10° to 1.6 x 10° cells mL™}, and the
maximum abundance was observed at site S2 (Figure 2). Brine-
scaled sea-ice BA distribution was similar to bacteria in seawater
and the abundance of bacteria at site S2 was the highest, and BA
in seawater was lower than that observed in sea ice.

Bacterial Diversity and Community

Composition

Community diversity based on Shannon diversity index and
evenness of the community reflected by the Pielou’s index showed
that diversity and evenness of the sea ice bacterial assemblages
were similar to those of corresponding seawater assemblages
(Figure 3). A total of nine bacterial phyla were identified in
all samples. Proteobacteria were the dominant phylum existed
in both sea ice and seawater samples, accounting for more
than 70% of the whole bacterial community (Figure 4A). Phyla
of Bacteroidota, Actinobacteriota, and Verrucomicrobiota were
also detected in each sample, but their relative abundances
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TABLE 1 | Salinity (S), temperature (T), nutrients (umol kg~ 1), dissolved organic carbon (DOC), and Chl-a concentrations in seawater and sea ice.

Samples Sample type S T (°C) NO,~ NO;~ NH4* Si052~ PO43~ DOC Chl-a
(nmolkg™")  (umolkg~') (umolkg~') (umolkg~') (umolkg~') (umolkg~") (ngL~")
S1 Seawater  40.37 -1.0 0.45 3.78 2.81 5.10 0.08 219.0 0.68
Sea ice 39.07 22 0.82 4.74 16.68 5.73 0.18 211.7 0.05
s2 Seawater  33.05 1.2 0.22 16.37 1.44 5.79 0.07 201.1 2.37
Sea ice 55.84 -32 2.88 14.97 33.20 20.36 0.89 552.2 1.97
S3 Seawater  32.23 1.0 0.24 12.05 0.57 4.78 0.02 168.1 1.64
Seaice 35.64 20 1.15 - 6.50 11.84 0.15 218.2 1.33

All parameters in sea ice are scaled to brine volume.

were much lower. Actinobacteriota were more abundant in
seawater, while Verrucomicrobiota were more abundant in sea ice.
Alphaproteobacteria (31.7-60.0%), Gammaproteobacteria (20.6—
48.9%), Bacteroidia (7.2-10.6%), Verrucomicrobiae (1.8-7.0%),
Acidimicrobiia (1.1-7.3%), and Actinobacteria (0.7-2.4%) were
determined as six major classes of bacteria among six samples
(Figure 4B). The relative abundance of Alphaproteobacteria in
seawater (45.0-60%) was higher than that in sea ice (31.7-38.9%),
as well as Acidimicrobiia. While Gammaproteobacteria were
more abundant in sea ice. Verrucomicrobiae followed the same
pattern as Gammaproteobacteria. Bacteroidia and Actinobacteria
showed variable abundance patterns in the samples. PCoA was
used to evaluate the overall differences between sea ice and
seawater bacterial communities based on Bray-Curtis distance
(Figure 5A). PCol and PCo2 explained 52 and 33%, respectively,
of the variance among the 6 samples, giving a total of 85%
of the variance (Figure 5A). PCol grouped the samples into
two major components: the samples of sea ice with negative
PCol values and the samples of seawater (S2g, and S3gy) with
positive PCol values, except for the sample of Slg, with a
negative PCol value. On the PCo2 axis, Slice and Slgy (with
high positive PCo2 values) and S2ice and S3jce (with high
negative PCo2 values) samples were mainly responsible for the
variance. Seawater samples were clustered together but separated

6,
4.0x10 =3 Seawater
== Seaice *kx
—_ 6
— 3.0x10
(S
=
w
g 2.0x108 Kok K *
. |_| 1
<
0 1.0x108
0- T T T
S1 S2 S3
Site
FIGURE 2 | Bacteria abundance (BA) in seawater and sea ice. The BA in sea
ice is scaled to brine volume. Error bars are SDs (n = 3). Level of significance:
*p < 0.05; ***p < 0.001.

from ice samples, indicating high similarity among the bacterial
communities in sea ice or seawater. In addition, UPGMA
clustering dendrogram supported the result of the PCoA analysis
by revealing the distinctiveness of bacterial communities in sea
ice and seawater, except for the samples at site S1, where the
seawater sample was clustered with sea ice (Figure 5B). The
most significant differences (p < 0.05) between seawater and
sea ice at class level were related to Alphaproteobacteria and
Gammaproteobacteria. Alphaproteobacteria were significantly
more abundant in seawater, whereas Gammaproteobacteria,
Verrucomicrobiae, Bacilli, and Desulfobulbia were significantly
more abundant in sea ice (Figure 5C).

The predicted functional analyses of 6 samples were carried
out by Tax4Fun2 tools. A total of 46 KEGG subsystems presented
at level 2 were found in samples, of which a total of 359 pathways
were included in the subsystems. The pathways of the top 20
relative abundance were shown in Supplementary Figure 1,
and the pathways with relatively high abundance obtained in
different samples include: metabolic pathways, biosynthesis of
secondary metabolites, biosynthesis of antibiotics, membrane
transport, and ATP-binding cassette (ABC) transporters. Stamp
analysis and t-test revealed the pathway of ABC transporters
was significantly different between seawater and sea ice. Further
analysis of the functional genes involved in ABC transporters
indicated that genes encoding for oligopeptide transport system
ATP-binding protein (oppF), oligopeptide transport system ATP-
binding protein (malK), dipeptide transport system permease
protein (dppB), raffinose/stachyose/melibiose transport system
permease protein (msmF), and putative aldouronate transport
system permease protein (I[pIB) were more abundant in
seawater (Figure 6).

DISCUSSION

Seawater and sea ice exhibited differences in terms of chemical
properties and bacterial community. The decline of temperature
reduced the fraction of the liquid remaining in sea ice with
the result that the salinity and nutrients became increasingly
concentrated in the brine, as well as dissolved organic
components (Table 1). The high salinity of seawater at S1
might be due to the shallow water depth, where salt expulsion
during sea ice formation caused an increase in salinity in the
under-ice seawater column. The concentration of DOC in sea
ice at site S2 was higher than that at the other two sites,

Frontiers in Marine Science | www.frontiersin.org 4

April 2022 | Volume 9 | Article 856110


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ren et al.

Bacteria Response to Cold Surges

6.0

= Seawater
= Seaice

Shannon

S1 S§2

Site

S3

FIGURE 3 | Bacterial community diversity (A) and evenness (B) in the seawater and

Pielou’s evenness

Site

sea ice.

Relative Abundance

100%

75%

50% —

25%

Relative Abundance

Phylum

== Desulfobacterota
Fusobacteriota
Marinimicrobia_(SAR406_clade)
Firmicutes
Campilobacterota
Verrucomicrobiota
Actinobacteriota
Bacteroidota
Proteobacteria
others

Class

s Bacilli

=== Marinimicrobia_(SAR406_clade)
Fusobacteriia

- Clostridia
Campylobacteria
Actinobacteria
Acidimicrobiia
Verrucomicrobiae
Bacteroidia
Gammaproteobacteria
Alphaproteobacteria

0%
S1 S2

E Seawater Seaice

FIGURE 4 | Bacterial community in phylum (A) and class (B) level in seawater and sea ice. Others denote the sum of rare bacteria arbitrarily defined as having a

frequency of < 0.5% of total sequences.

S3

mmm oOthers

which might be explained by the high concentration of Chl-
a in sea ice (Eronen-Rasimus et al.,2014). Cold surges caused
nearshore seawater to change from liquid to ice, where changes in
physical conditions drove bacterial communities to adapt to the

lifestyle in sea ice, and the community variations were consistent
with previous studies in the Arctic (Grossmann and Gleitz, 1993;
Eronen-Rasimus et al., 2015; Hatam et al.,, 2016). The BA
in the sea ice was higher (p < 0.05) than that in the
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samples. (C) Comparison (White's non-parametric t-test in STAMP) of the bacterial classes between seawater and sea ice. Plots compare the bacteria in seawater
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FIGURE 6 | Statistical analysis of functional genes in pathway of ATP-binding cassette transporters in seawater and sea ice. Differences between samples are

seawater at each site, which might be due to that the
bacteria were concentrated in the brine inclusions during
the ice formation (Eronen-Rasimus et al., 2014). In addition,
the high BA of S2 may be related to the high DOC
concentration in sea ice, suggesting that bacterial metabolism
might be regulated by the DOC availability (Luetal, 2015).

Differences in the bacterial community composition were
observed both at phylum and class levels between seawater
and sea ice. The result suggested that bacterial community
similarity within sea ice or seawater was higher than geographic
distance. Pressure caused by ice formation was a stronger
factor to shape the community compared to geographical

Frontiers in Marine Science | www.frontiersin.org

April 2022 | Volume 9 | Article 856110


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Ren et al.

Bacteria Response to Cold Surges

distance (Eronen-Rasimus et al., 2015). However, the difference
in community composition was not apparent as a result of
the short time of ice formation. The same bacterial classes
were found in both seawater and sea ice, while the difference
between seawater and sea ice was mainly reflected in the relative
abundance of different classes, indicating that the early stage
of sea-ice bacterial communities was determined by seawater
under the ice (Eronen-Rasimus et al., 2015). Due to the versatile
metabolism, Proteobacteria were dominant in both sea ice and
seawater in all locations, and formation of sea ice did not alter
the proportion of Proteobacteria in entire bacterial community.
However, due to the change of the condition, it is clear that the
relative abundance at class level within Proteobacteria changed
during the formation of sea ice. The classes Alphaproteobacteria
and Gammaproteobacteria dominated the bacterial communities,
consistent with the previous study of the seawater bacterial
communities in the Yellow Sea (Guo et al., 2011; Liu et al.,
2013). Gammaproteobacteria were the most abundant class in
the sea ice, and Gammaproteobacteria dominance in the initial
phases of ice formation was also found in an experimental
study where the cultivation was enriched with algal-derived
DOM (Eronen-Rasimus et al, 2014). Mid-latitude regions
with high abundance of algae might stimulate the growth of
Gammaproteobacteria. In addition to the dominant bacterial
classes, a high relative abundance of Verrucomicrobiae was found
in the sea ice compared with that in seawater (p < 0.05)
(Figure 5C), and it could be found in sea ice in the polar
regions (Bowman et al., 2012; Freitas et al., 2012; Hatam et al,,
2014). Previous study indicated that class Verrucomicrobiae
preferred a particle-attached life style (Chiang et al, 2018),
and the phytoplankton concentrated in the brine during the
formation of sea ice might stimulate bacterial growth. The
sequences affiliated with the class Bacilli were in very low levels
in both environments but more abundant in sea ice, probably
due to the ability to survive in sea ice, which was also found in
Arctic Sea ice (Han et al., 2014). The class Acidimicrobiia and
Actinobacteria, of the phylum Actinobacteriota, were the other
two major bacterial groups inhabiting sea ice and seawater, and
the relative abundances in seawater were higher than in sea ice.
Previous reports indicated that Actinobacteriota was not only
commonly seen in seawater (Lu et al, 2015; Yu et al, 2018),
but also present in sea ice (Brinkmeyer et al., 2004; Eronen-
Rasimus et al., 2015). It was found that Actinobacteria favored
a low salinity habitat, and the abundance of Actinobacteriota
decreased in ice with high brine salinity (Eronen-Rasimus
et al,, 2015). The phenomenon of higher abundance of ABC
transporters in seawater might be explained by that diverse
substrates could be utilized in seawater and bacteria may
therefore require various ABC systems (Garmory and Titball,
2004), while the substrates are more specific in the restricted
young sea ice brine.

CONCLUSION

This study investigated the bacterial community in seawater
and sea ice after a cold surge in the coastal area of the

mid-latitude. The differences in bacteria abundance (BA)
between sea ice and seawater might be associated with the
physical impact of ice formation, and BA in sea ice was higher
than in seawater, which was consistent with the findings in
Arctic. The bacterial community composition in sea ice was
similar to that in seawater, while the relative abundances were
significantly different. The sea-ice bacterial community was
dominated by Gammaproteobacteria, which could be capable
of opportunistic growth in sea ice with high concentration
of algal-derived DOM in coastal areas, and the high relative
abundance of Verrucomicrobiae in sea ice might also be that. The
relatively lower abundance of functional genes of ATP-binding
cassette transporters in sea ice might result from the restricted
environment in sea ice brine. More works need be done to
investigate the impact of cold surges on microbial communities
in mid-latitudes along with global climate change.
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