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ABSTRACT: In high-latitude regions, temperature has risen (0.6°C per decade] and this leads to the increase in microbial degradability
against soil organic carbon (SOC). Furthermore, the decomposed SOC is converted into green-house gases (CO; and CHy) and their
release could further increase the rate of climate change. Thus, understanding the microbial diversity and their functions linked with
SOC degradation in soil-thawing model is necessary. In this study, we divided tundra soil from Council, Alaska into two depth regions
(30-40 cm and 50-60 cm of depth, designated as SPF and PF, respectively) and incubated that for 108 days at 0°C. A total of 111,804 reads
were obtained through a pyrosequencing-based metagenomic study during the microcosm experiments, and 574-1,128 of bacterial
operational taxonomic units (0TUs) and 30-57 of archaeal OTUs were observed. Taxonomic analysis showed that the distribution of
bacterial taxa was significantly different between two samples. In detail, the relative abundance of phyla Actinobacteria and Firmicutes
largely increased in SPF and PF soil, respectively, while phyla Crenarchaeotawas increased in both soil samples. Weight measurement
and gel permeation chromatography of the SOC extracts demonstrated that polymerization of humic acids, main component of SOC,
occurred during the microcosm experiments. Taken together our results indicate that these bacterial and archaeal phyla could play a
key function in SOC degradation and utilization in cold tundra soil.
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Fig. 1. Time-course changes in humic substances content (humic acids and fulvic acids) determined by direct weighting during microcosm experiments at
0°C: Two frozen soil samples (SPF and PF) were homogenized and incubated at 0°C for 108 days. At 54-day intervals, the samples were subjected to humic
substances extraction. Solid humic acids and fulvic acids were obtained by lyphilization. (A) SPF soil and (B) PF soil.
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Fig. 2. Gel permeation chromatography for humic acids and fulvic acids, extracted during microcosm experiments. Humic substances content extracted as
shown on Fig. 1 was dissolved in 0.1 N NaOH. Each extracted solution was loaded onto Ultrahydrogel-500 columns linked to a ShodexOHpak SB-804 HQ
column. Molecular distribution was monitored with refractive index detector. (A) Humic acids from SPF soil, (B) fulvic acids from SPF soil, (C) humic acids

from PF soil, and (D) fulvic acids from PF soil.
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Table 1. Summary of pyrosequencing results and statistical analysis of microbial communities during microcosm experiments

Sample Number of reads* OTU richness* OTU diversity*
Depth Iflcubatlon Validated Normalized Observed Chaol ACE JackKnife Shannon Simpson
(cm) time (day)
0 6,367 5,115 651 1,136 1,525 1,508 4.960 0.021
(22,923) (3,874) (75) (106) (98) (106) (2.613) (0.118)
30-40 54 8,046 5,115 574 947 1,231 1,131 4814 0.025
(10,727) (3,874) 35) 39) (41) (43) (2.248) (0.137)
108 5,543 5,115 569 956 1,332 1,208 4.692 0.031
(9,088) (3,874) (68) (96) 94) o7 (2.423) (0.147)
0 5,118 5,115 1128 2,071 2,789 2,611 6.056 0.005
(15,710) (3,874) 30) 37) 39) 39) (1.668) (0.313)
50-60 54 8,596 5,115 922 1,698 2,334 2,088 5.462 0.013
(10,184) (3,874) 37) (42) (47) (47) (1.959) (0.190)
108 5,618 5,115 651 1,139 1,498 1,411 5.052 0.016
(3,874) (3,874) (51) (56) (57) (60) (2.368) (0.147)

*All number of brackets’ outside and inside indicates bacteria and archaea, respectively
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Fig. 3. Shifts analysis of taxonomic composition during microcosm experiments. This figure shows the relative abundance of bacterial and archaeal taxa at
phylum level: (A) bacteria and (B) archaea. The results of taxanomic classification were classified using the EzZTaxon-e server (http://eztaxon-e.ezbiocloud.net/).
Others are sum of minimal taxa (<5% of abundance).
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£ EzTaxon-e A|Ho]| 4] E43}$ 31, phylum 4=

%jx} sequence

Foll A Blast

Sicl(Fig 3). 312 1)) 95 A1 Well A %6 u]5ho] Aref 4 2

e S Zh= Al B ALAeE9] phyla (others 2 EA)E A 95}

2} ool A 952 At phylay} 22| AAllt phylas 2H¢1
BIATE oo EoF Mot 971 2] 32 phyla (Actinobacteria,
Firmicutes, Chloroflexi, Proteobacteria, Bacteroidetes, Acidobacteria,
Verrucomicrobia, Planctomycetes®} Gemmatimonadetes)©l| <
o= A 02 & A ltilanssen, 2006). o] 2F A 7 2
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oo uijF B ol 73-93%9] A RiEE th2] 6
2 phylaZ} XFR|SFALY: Actinobacteria, Firmicutes, Chloroflexi,
Proteobacteria, Bacteroidetes2} Acidobacteria. SH|SA =,
SPF}PF T oF-2 vl fFol| whe} 4] 2 v |+t phyla®] -5 7

k2 3lol5} it SPFL] A9, 108 vl °J2§Actmobacterza
phyla+= 33%9)| A 46%=, Proteobacteria phylat:= 14%9] 4|
19%=22] B3 Z7|(Fig. 3A)E E2 Wb, PR\ A= Firmicutes
phylagto] 7%o] A 51% = 5313 B3 = S7KFig. 3B)E
H Tk AAEe] A, vl 18] SPFOL PF =oF Kol A
Euryarchaeota phylaZ} -73}F31 Q1R qt, vjoko] what
Crenarchaeota phylaZ} 15%0] 4] 32% (SPF) & 18%0°1| 4] 44%
(PF)E S7F3Att o] 23t sl sol the 7 EoF W Alet 324
O] SR Ws}h HERS AK1-75 E2 Eofol A o] Halel & 2}
o7} A3}, FF EdE 5°ColA 99U vl S o= ths
I 22 Atk At 75 ®SE7L QIQITE: Proteobacteria
phyla 532 =7}, Firmicutes phyla 734>, Euryarchaeota phyla

37} 9 Crenarchaeota phyla 4.

Genus <=0l Al, 2|4 17§2] =9F Al ol A 2% o]42] 4
& BEZ B 7= 850 A1t U 14352] Alut genera2] W}
743 8121519 Table 2). SPF}PF & oF BLF o] 4] v ok A|7F
of uf2} Y-+ genera (EU155918 g, GQ396871 g W GU454901 ¢
genera) @] E327} ZFAadl= 5L, Euryarchaeota phyla2)
Merhanoperedens, Crenarchaeota®] AF424768 g9} AF424775 g,
Skl 8l 5 =
OFol| A ILA|at Crenarchaeota®] AF424768 g genera”| £-3E
Z7H(SPF @ PF2] 1082) uj<Fol| A ZH2F 30.0 2 36.9% 5-3F)
St A3} M|+ Actinobacteria®) Oryzihumus (SPFO)| A 36.7%)
2} Firmucutes ] Desulfosporosinus (PFol| 4] 36.0%) genera”}
Z7ke AL Slsslch

SPF 9 PF2] vfjoFo]| th2 Al L 1A #2] 16S rRNA -4
A} sequenceE 2] 4] IS Fast UniFrac 54 B2 o] &
Sof 7 1sFITHFig. 4). #1SF F12] SPES}PF &0 1] 114
©] OTU 7+¢] Unifrac A 2] 1.3 x 107¢ 0.1, 7k ko] 0

Wjoa} vl wto] 54 2 10890 Hjop] whe} o33t 2+ A )

TM7 2] Saccharimonas genera £-3+=

Table 2. Selected microbial genera with abundance level for over 2% among total reads

Relative abundance (%)

Microorganism Phylum Genus Incubation time (SPF soil) Incubation time (PF soil)
0-day 54-day 108-day 0-day 54-day 108-day
AY175392 ¢ 51.6 39.9 52.7 52.6 40.4 34.2
Methanobacterium 10.2 13.9 8.3 12.6 23.1 13.1
Methanosaeta 3.6 6.7 2.8 10.8 9.2 5.0
Euryarchaeota
EU155918 g 8.1 7.9 0.1 4.0 3.8 0.1
Archaea
Methanosarcina 7.6 34 2.2 1.5 2.0 1.4
Methanoperedens 0.1 0.1 1.2 0.1 0.1 2.4
AF424768 ¢ 14.0 26.4 30.0 16.0 17.7 36.9
Crenarchaeota -
AF424775 ¢ 0.1 0.1 0.2 1.1 1.4 5.2
Oryzihumus 21.1 15.3 36.7 5.3 6.6 12.6
AY345497 ¢ 2.5 32 1.0 34 1.5 0.5
Actinobacteria
Aciditerrimonas 3.6 2.6 2.4 0.6 1.2 0.2
GQ393959 g 2.0 3.1 1.0 1.2 0.8 0.7
Clostridium 0.7 2.6 0.6 2.5 38.9 12.0
Firmicutes
Desulfosporosinus 0.1 0.1 0.1 0.4 0.5 36
. Chloroflexi GQ396871 g 20.8 19.3 12.4 5.7 4.1 1.3
Bacteria
Pseudolabrys 3.6 5.0 6.4 1.4 1.6 0.4
Proteobacteria Smithella 2.2 0.9 1.0 6.7 1.9 1.0
Geobacter 0.2 0.5 2.0 0.7 0.5 5.7
Bacteroidetes GU454901 g 3.8 2.0 1.6 3.8 1.7 0.8
Acidobacteria AM180888 g 3.6 2.5 2.1 0.4 0.6 0.2
Caldiserica EU266853 g 0.9 0.6 0.8 53 0.9 1.6
™7 Saccharimonas 0.1 0.1 0.8 0.1 0.1 7.2

=32l A Als2d Al3E
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Fig. 4. UniFrac distance-based Jackknife clustering of bacterial (A) and archaeal (B) communities associated with different incubation time from different
sampling depths. Unifrac Principal Coordinates Analysis (PCoA) images were captured from 3D UniFrac PCoA to illustrate differences in the
microorganism among the different samples. The following UniFrac PCoA analyses were based on the OTU data, with three principal coordinates (PCs)
shown. Diamond, circle, and triangle indicate 0-, 54-, and 108-day incubation, respectively; opened, 30-40 cm of depth; closed, 50-60 cm of depth.
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