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Vertical patterns of bacterial and archaeal abundance and
community structure in seagrass (Zostera marina) meadow
sediments
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Abstract: [Background] The seagrass meadow was a “Blue carbon” ecosystem contributing greatly to
global carbon sequestration in coastal sediments. The vertical profile of seagrass sediments exhibits a
strong redox gradient, where the surface layer was oxic and rich in labile organic matters and the deeper
layer was reduced and dominated by recalcitrant organic matters. [Objective] We hypothesized that
bacterial and archaeal communities varied greatly in abundance and community structure along the vertical
gradient in the seagrass sediments. [Methods] Quantitative real-time PCR and high-throughput sequencing
were applied to characterize the prokaryotic communities at different sediment depths (5, 10, 15, 20, 25
and 30 cm) in the Zostera marina dominated meadow. [Results] The 16S rRNA gene copy numbers of
bacteria and archaea decreased with the increasing sediment depth, and the bacterial copy numbers in the
5-cm layer was significantly higher than those in the 20-cm and 30-cm layers (ANOVA test, P<0.05).
Depth had no significant effect on bacterial and archaeal o diversity indices (P>0.05). The most dominant
bacterial phylum was Proteobacteria, followed by Chloroflexi, Bacteroidetes, and Planctomycetes. The
relative abundances of 3-Proteobacteria and Planctomycetes were significantly increased with increasing
depth (P<0.05). Bathyarchaeota was the most dominant archaeal phylum, accounting for 70% in the
25-cm layer. Other abundant archaeal phyla were Woesearchaeota, Lokiarchaeota, Euryarchaeota and
Thaumarchaeota. The relative abundance of Thaumarchaeota decreased significantly with increasing
depth (P<0.05). [Conclusion] The benthic archaeal and bacterial communities in the seagrass meadow
sediments exhibited obvious vertical characteristic, which could be driven by organic matter composition
and sediment redox status.

Keywords: Seagrass meadow, Vertical patterns, Microbial community structure, Abundance, Diversity
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1.2 FZERAFIFLER
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Al ELER SN ML, SEAL AT A R F i
% R I 72 AU 6 Y6 52 7t PCR {%, Thermo Fisher
Scientific A F]; HiSeq M7, Hlumina A F],
1.3 B REFS

DUBWPRiAR (grain: size)>R FBHOLRL B RE
S5 HLA%K (total organic carbon, TOC)# & 4 (total
nitrogen, TN)FIFHICER /Bl , E4JEPDb. V.
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15 RHEEE PCR

YU AN T4 X B2 R ] SYBR Green %t
SEHE PCR ¥E3k45, 7 ABI 7500 Fast &5 EiEfT.
PCR WA Z (20 uL): SYBR Green | Mix 12.5 pL,
iE L K5 185(20 pmol/L)4% 0.5 pl, #f5h Bk DNA
2 pL, ddH,0 4.5 uL. ZH7EFIH 2 E & PCR 1Y
P15 9 %5 439k 341F (5'-CCTACGGGAGGCAG
CAG-3)/519R (5-GWATTACCGCGGCKGCTG-3)*!

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



HBS R EE: I (Zostera marina) i H R IR P 4 PR A PR 3 5 R 20 R 1) 2 L T REAE 1665

1 931F (5-AGGAATTGGCGGGGGAGCA-3)/M110R
(5-BGGGTCTCGCTCGTTRCC-3)?", PCR JZ i 4
4::95 °C 7 min; 95 °C 30 s,64 °C (7 H#)=k 56 °C (4
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PRPERRANT « 1 Jedb AT oUmi 4t R Pk, R
Mothur (version 1.39)%i {4313 B i J5 5 40 8 i ik
H>1, FRIE>6, FHIHKE<200 WFH1; SR )5 F
JH VSEARCH R, 5% SILVA Hofit i £
G, IR 97% 1Y ¥ 51 AR AL EE VR Sy [ {84 43
OTU; FIJH BLAST ¥:(E-value=10")% 4 g Fl 7

AT RG0S, SRIG B Singleton AIHE T B /41
FPol; e dbaRig ) OTU ERER, MR U
“edgeR” A THRIELL
1.7 HiEALE

T SPSS 20 Grit#ifd B BRI R Uy 22 53 #
(analysis of variance, ANOVA)K K A [ 4 & YT A
YIRE SR IR0 B ANl T8 16S rRNA JERHE D14 o £
FE: S T R (RO T2 B2 > 1% ) A i 22 5%
FEH /N . 2 22 ¥ (least-significant difference,
LSD)AT ZH AR Z M 2255 T OTU 1Y
PRESHE AT PRIMER 6.0 00 X6) 41 1 1ty 1 1k
7R & £ 4k R & (non-metric multidimensional
scaling, nMDS)HEFF , FFHI AL 7341 (analysis of
similarities, ANOSIM)F:5TT AR P 1 %o 41 1 Aty
FARETE S5 H R 20

2 HBREHWH
2.1 RRYNEIERAYERSHE

T 2015 4F 12 A UTRIFER AR, X
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*1 BERFERRERRYELERTHENRER, n=2)

Table 1 The environmental characteristics of different depths of seagrass meadow sediments (meanSE, n=2)

Item D5 D10 D15 D20 D25 D30
TN (%) 0.08+0.04 0.05+0.02 0.07+0.01 0.030.00 0.05+0.00 0.09+0.00
TOC (%) 0.60+0.35 0.45+0.21 0.55+0.02 0.43+0.01 0.51+0.07 1.33+0.00
TOC:TN 7.47+0.42 7.23+1.23 7.78+0.94 1561254  10.110.72 14.12+0.00
NH,* (mg/L) 2.34+1.21 0.29+0.05 1.64+0.89 0.22+0.09 0.10+0.07 0.22+0.16
NO, (mg/L) 0.0120.00 0.000.00 0.0120.00 0.00+0.00 0.000.00 0.000.00
NO;™ (mg/L) 0.02+0.01 0.01+0.00 0.01+0.00 0.00+0.00 0.00+0.00 0.00+0.00
DIN (mg/L) 2.37+1.22 0.30+0.06 1.66+0.90 0.22+0.09 0.10+0.07 0.23+0.16
Grain size (um) 12.13+1.41  9.73+0.34 12.70#0.65  10.13+0.10  34.04+14.77  35.39+11.24
Pb (mg/kg) 2.94+0.85 3.55+0.45 3.65+0.09 2.68+0.05 3.94+0.54 3.11+0.12
V (mg/kg) 6.18+0.41 6.61+0.56 7.92+0.05 5.89+0.30 7.27+0.70 10.28+2.10
Cr (mg/kg) 1.5640.55 1.03+0.01 1.31#0.30 0.77+0.05 0.90+0.05 0.92+0.08
Mn (mg/kg) 21244279 19.09+8.12  2539+0.75  19.67+159  28.13+1.77 16.72+0.64
Fe (g/kg) 0.4520.12 0.43+0.09 0.51+0.07 0.37+0.01 0.50+0.02 0.46+0.05
Co (mg/kg) 0.35+0.02 0.390.12 0.48+0.03 0.38+0.01 0.57+0.06 0.42+0.00
Ni (mg/kg) 0.71+0.08 0.78+0.20 0.91+0.07 0.77+0.03 1.02+0.11 0.93+0.08
Cu (mg/kg) 2.130.51 1.89+0.61 2.58+0.21 1.62+0.02 2.39+0.25 1.78+0.01
Zn (mg/kg) 3.58+1.20 3.20+0.50 3.65+0.64 2.22+0.02 3.54+0.42 4.54+0.74
As (mg/kg) 1.31#0.01 1.35+0.09 1.46+0.12 1.46+0.02 1.63+0.07 1.69+0.00
Cd (mg/kg) 0.0420.02 0.03+0.00 0.030.01 0.02+0.00 0.02+0.00 0.05+0.02
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LR $E DLBGH L4 (0.09-14.45)x10° copiesly,
P UUBGI 24 (0.89-20.59)x10° copiesly, R )G
HE 2 AR R, AR ET b, RN
DRI —S e, BIFRIZG cm)iK )z
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Depth (cm)

b
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1 i

DK% DUESCEE A [ B A] 22 5 A i 2 (P>0.05) .
23 ARRENRVMAEMNEE o ZHEM

Mt B RIS 1 331 066 4% T 20 16S
rRNA JEH ¥4, 1434 18 150 4~ OTU, 45 )Z[E]1H
OTU % F-37E 3 5834 122 2 [a]; i T-HB/M kLM
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JCE T R I ok, PRt HOAR AR A At
16 MFEAR IR 633 307 25 7H T 16S rRNA LR 741,
143k 3 090 4~ OTU, £5JZ[H OTU % FHh
425-657 />,

) o ZFAPEFES(Chaol, OTU richness.
Simpson #1 Shannon)7Ef2/2(5 cm)& Bl K Ai ,
BaE TREESG N, AR &S, (BFE 25 cm Al
30 cm )2, o ZHEE RS BU M L HRJZ (15 cm #1120 cm)
W, SRBLVTIE M (K 2). IR o ZREERREL
B HATERFEEG cm), MAEKFEE(0 cm); B
BIRFEHN, o 2R S E S, 78 30 cm
2, o ZREERREURAL. @ik ANOVA K56, Ui
WU X R R UTER A R R TR o 2R 5L
Jo i 2 5 (P>0.05), 45 )2 R0 it 3% 2= 5 (P>0.05)
(2.

B
D5r
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Depth (cm)
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Figure 1 The effects of the sediment depth on bacterial (A) and archaeal (B) 16S rRNA gene copy numbers in the seagrass

meadow sediments

: ANOVA 55, n=4; HHFFEIRZERERARE, P>0.05; ARFEFRRZEZESEE, P<0.05.
Note: ANOVA test, n=4; significant differences (P<0.05) between layers are marked with different letters, otherwise (P>0.05), marked with

the same letters.
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Table 2 The effects of sediment depth on bacterial and archaeal alpha diversity indexes in the seagrass meadow sediments

F5%% Index D5 D10 D15

D20 D25 D30 P value

M Bacteria

OTU richness 4 122.3+235.8 3 766.7+182.7

Chaol 7 556.5+381.7 7178.1£273.4 6 811.2+665.3
Shannon 9.6£0.2 9.3+0.1 8.9+0.6
Simpson 1.00£0.00 1.00£0.00 1.00£0.02
T Archaea
OTU richness 599.4+48.7 657.2+15.9 493.5+19.2
Chaol 920.5+80.4 1022.7+35.4 723.6+36.3
Shannon 5.9+0.7 6.7£0.2 6.2+0.1
Simpson 0.90+0.10 1.00+0.00 0.96+0.00

3635.9+373.3

3583.0+282.2  3883.2+147.4  3755.0+206.2 0.81

6 479.3x555.0 7 254.2+313.9 7 054.9+289.4 0.75
9.3+0.2 9.5+0.1 9.320.2 0.79
0.99+0.00 0.99+0.00 0.99+0.00 0.56
586.5+0.1 598.4+87.7 425.0+70.1 0.33
916.0+0.1 1025.1£159.2  630.7£59.5 0.18
6.2+0.0 5.7+0.6 4.8+0.9 0.64
0.96+0.00 0.90+0.10 0.80+0.09 0.76

E: ANOVA KiS; UREE IR (R 22 5 KF T P EARAE.

Note: ANOVA test; The difference level between depths is indicated by P value.

24 BERERKTAYPHAEMETEIEE
ZH RR

M 2A FTLAE Y, TERTA FEARTTR W R 40T
o, 7% I A & 1] (Proteobacteria) (5 4% 48 XF 1
#(52.38%+1.83%), HIKJELkE [ ] (Chloroflexi,
14.27%+1.35%) . 4l /T & ] (Bacteroidetes |,
7.88%x0.53%) . V% % A ] (Planctomycetes ,
4.09%:0.34%) 2k (Actinobacteria
3.08%:+0.20%) FI At — SLAIR = LA T 1] . BIE B
h, 8-5JF 14 24 (Deltaproteobacteria, 27.93%20.92%)
F R e , HURJE v R 4% (Gammaproteobacteria,
12.71%20.95%) . a-“FJE [# 44 (Alphaproteobacteria,
7.43%20.46%) . -5 I 1 4 (Epsilonproteobacteria,
3.3%+1.41%) Fll B-7% ¥ 1 4¥ (Betaproteobacteria ,
0.55%+0.04%) . %% %5 [ 1] 3 %y PR % 46 1/ A
(Anaerolineae , 8.36%z0.75%) il i (i 48, Bk 14 49
(Dehalococcoidia, 3.43%:+0.51%)4H )i, &1
FE i BT I 44 (Flavobacteriia, 3.47%20.30%)2H A,

T w (B 2B), %l A ] (Bathyarchaeota)
SR — RALH TR 7] (46.99%+4.86%) , HK 2
HITE ] (Woesearchaeota, 21.29%=+4.64%) . ¥4 3Ll
I ] (Lokiarchaeota , 8.13%*1.03%) .
hydrothermal vent group (MHVG, 7.17%+0.86%).
] i ] (Euryarchaeota, 6.84%20.87%). Z7 i ]
(Thaumarchaeota, 6.20%=1.09%)H1 At —LuAH%}

Marine

JENT 1% AT T ST TR 2R A
JF f i 2 Bathy 17 (13.45%+1.54%), 2R )5 &
Bathy_1 (8.28%+3.36%) . Bathy_6 (6.32%+0.99%)
Bathy 8 (5.54%20.67%). Bathy 10 (4.57%+1.40%)
1 Bathy_Other (2.84%+0.37%)., 3]y =5
K BEH Woese 5b (13.07%+4.36%) . Woese 5a
(2.329%:0.43%) i1 Woese_Other (1.85%+0.33%).
25 BERTFMAEMTENEEST
NMDS 455 57 (8] 3), 405 1 T R 7 2H
ARG BE TR R AR 53 TF . i —26 1 ANOSIM
G R 3), T Bray-Curtis #H25(R=0.02,
P=0.40)F1FHA] JE1L 54 %) Weighted UniFrac g5
(R=0.06, P=0.20)73#r3&H], TTRRYUR BEXT A B Y
BRI R, 2R AL, 5. 10 1
15 cm R 6] 25 5+ B 5 (P=0.03) , TLAHMI IR B iy T4
(RETR A3 AT TC B 25 5% (P>0.05) , 1 HLAS [\ 2 6] i
R S FRIC I 825 5+ (P>0.05)
26 WEMHTEIZXBFECRRERNNES
it ANOVA HEIKIGE 4), i hmiis
KHEARIERT TR AR F-BETE 20 om J2(42.4+4.1%),
BEMTHAZGE T 50%) (P<0.05), i 5 A
B 2N 7E BB 2 3 B A 7 (31.79+0.86%) , 15 cm %]
25 cm JZ AU FE R (22.93-26.8%) (P=0.01), LIFT
I T AT A AT TR T AR . SRASTET 1Y
Iy AEAFAIAR R, 20 cm JZ2(22.6+2.6%) B & T H:
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Figure 2 The bacterial (A) and archaeal (B) community structures in seagrass meadow sediment columns (phylum level)
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Note: The dominant classes (or subgroups) of Proteobacteria, Bathyarchaeota and Woesearchaeota are also presented in the figures.
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Figure 3 The nMDS results of bacterial (A) and archaeal (B) community structures based on the Bray-Curtis distances
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Table 3 The ANOSIM results of archaeal and bacterial community distribution based on the Bray-Curtis and Weighted

UniFrac distances

2R3 414 Bacteria B Archaea
Groups Bray-Curtis Weighted UniFrac Bray-Curtis Weighted UniFrac
R P R P R P R P
BRES 0.02 0.40 0.06 0.20 0.04 0.36 -0.02 0.52
Global difference
D5 vs D10 -0.23 0.94 -0.31 1.00 -0.19 0.80 -0.20 0.86
D5 vs D15 0.18 0.09 0.44 0.03 0.00 0.47 0.04 0.47
D5 vs D20 0.04 0.37 —0.06 0.60 —-0.42 1.00 —-0.42 0.80
D5 vs D25 0.06 0.40 0.13 0.26 0.26 0.17 0.20 0.14
D5 vs D30 0.01 0.46 0.10 0.20 0.20 0.20 0.02 0.40
D10 vs D15 0.24 0.09 0.45 0.03 0.00 0.60 0.25 0.30
D10 vs D20 0.00 0.43 —-0.16 0.89 -0.33 0.75 —0.56 1.00
D10 vs D25 0.19 0.14 0.19 0.14 0.26 0.20 0.19 0.30
D10 vs D30 0.05 0.23 0.05 0.40 0.11 0.50 0.19 0.30
D15 vs D30 0.01 0.43 0.07 0.23 —1.00 1.00 0.00 0.67
D15 vs D25 -0.11 0.77 -0.15 0.69 0.17 0.30 0.17 0.30
D20 vs D25 0.13 0.31 -0.11 0.60 -0.11 0.50 -0.11 0.50
D30 vs D15 —0.06 0.60 0.16 0.14 —-0.08 0.70 -0.17 0.70
D30 vs D20 —-0.25 0.94 -0.22 1.00 —0.56 1.00 —0.56 1.00
D30 vs D25 0.00 0.43 —-0.07 0.69 0.07 0.50 -0.15 0.80

T REARAIGAHR (MHS 2 H) 2R T R ERTHNZESR; B2 RKT(P<0.05) 8 AL TR,
Note: The statistic R is based on the difference of mean ranks between groups and within groups, and statistically significant P-values

(P<0.05) are shown in bold.
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x4 BERRIRYEEMEREFEEXFEE>1%)ERIRYEE BRI ZE F(ANOVA H18)
Table 4 The differences of the primary bacterial groups among different sediment layers (ANOVA test)
K HE Groups D5 D10 D15 D20 D25 D30 P value
759 1411 Proteobacteria 52,0427  59.8#2.7° 555+3.77  42.4+41°  50.024.4® 552+2.0° 0.11
o A5 K 449 Alphaproteobacteria ~ 6.2+0.6° 75£0.7°  9.2+0.2° 5.8+1.5° 7.8+1.2° 8.2+1.0°  0.06
5 25T 1444 Deltaproteobacteria 30.240.7°  31.6+£1.2° 22.9+2.7°  26.8+0.9"° 253+1.4"  31.8+0.9°  0.01

¢ 5 144 Epsilonproteobacteria ~ 2.0£0.5 3.020.4  9.4#7.1 1.0£0.2 2.8+1.3 1.1£0.1 0.61

y A5 449 Gammaproteobacteria  12.622.0°  16.4#1.9° 12.9+1.3"  8.2+1.8" 13.242.8°  13.0£1.7"°  0.09
#5251 Chloroflexi 15542.7°  10.0£1.7° 10.7+¢1.3"  226+2.6°  15.3#3.5® 10.7£1.4® 0.8
TR 4R 2N Anaerolineae 8.8+1.3 7.3£1.3 6.6+1.3 14.1+0.8 7.0+1.1 5.6+0.8 0.35
1 5 81 3R 228 Dehalococcoidia 4.6+1.58°  1.4+0.3° 2.3%02"  4.9+1.1° 4.4£1.3° 2.9+1.0° 0.19
HIFFE ] Bacteroidetes 7.4+1.4° 9.0£0.9°  9.7+0.4° 4.6+1.1° 8.6+1.1° 7.9+0.5% 0.21
#AT YW Flavobacteria 3.240.6®  3.8+0.5° 4.7+0.6" 1.8+0.6° 4.0£0.7° 3.4+0.1° 0.4
TEEL1 Planctomycetes 3.540.3 3.0£0.3°  3.3+0.5° 5.9+0.8° 4.10.6 51+13*  0.04
Wi 4N ] Cyanobacteria 1.240.2% 1.240.2°  2.1#0.5° 1.020.3% 1.440.3% 1.3+0.3% 0.30
Ji4kFFR 1] Deferribacteres 1.340.1 1.0¢0.2  1.0z0.1 1.540.2 0.920.1 1.0£0.1 1.00
JELRET ] Firmicutes 1.640.1 1.7¢0.3 16204 1.340.2 1.1£0.2 1.4£0.4 0.59
FRFF 11T Acidobacteria 1.440.2%° 1.6+0.1°  1.2#0.2%° 1.240.1% 1.0+0.2* 1.1+0.3" 0.18
JRZ AT Actinobacteria 3.1+0.3 3.1+0.3 3.7£0.5 2.4£0.4 2.9+0.5 3.240.7 0.62
T4 ] Spirochaetae 1.8+0.1 1.740.3 2.3+0.5 2.5+0.6 3.1+1.1 2.7+0.5 0.39
Hfhi ] Other phylum 0.0240.01  0.01£0.00 0.02+0.01  0.02#0.00  0.03+0.01  0.01¥0.00  0.46

e R EARZE A P EISIE, B2 R K P<0.05 gk E s ; 73R )2 0 2 538 83 (P>0.05); AFF
B 3R7R 2 0] 22 5+ i 3 (P<0.05).

Note: P values indicate the global difference level among layers, and statistically significant P-values (P<0.05) are shown in bold. In addition,
the significant differences (P<0.05) between layers are marked with different letters, otherwise (P>0.05), marked with the same letters.

®5 BERTIRYDHEEZXFAENEE>1%)ENRNEE B HZEF(ANOVA 1£I1)
Table 5 The differences of the primary archaeal groups among different sediment layers (ANOVA test)

KT Groups D5 D10 D15 D20 D25 D30 P value
BT ] Bathyarchaeota 44.2410.1 36.5+5.0 50.2+3.9 44.2+0.0 70.2+10.9 47.9+14.5 0.44
Bathy 17 145+3.1  13.1+2.0  17.0#1.9  19.4+0.0 13.4+2.1 8.2+4.8 0.41
Bathy_8 5.6+2.0 4.8+0.6 4.9+0.5 5.040.0  9.3+0.6 4.5+0.9 0.45
Bathy_6 5.1#0.6°  6.8x1.2"  11.9#4.0° 7.6£0.0° 6.2£3.2"  3.4x1.4° 0.29
Bathy_10 45+2.7° 1.4+0.3" 2.8+0.5®  1.4+0.0° 11.8+6.1*  6.3+2.6®  0.17
Bathy 1 4.3+1.8 1.7+0.3 4.0+1.4 24400 19.7¢11.2  195#124  0.48
Bathy 13 2.5+0.6 2.1+0.4 2.040.2 24400  250£0.02 0.8+0.5 0.81
1337 1] Woesearchaeota 27.5+11.1 242+47  8.8+0.2 13.6+0.0 6.5+3.2 30.0+14.6  0.45
Woese_5a 1.740.2 2.7+0.7 1.0+0.1 2.4+0.0  0.9+0.4 45+1.3 0.33
Woese_5b 19.5#12.3 13.9+4.3  3.4+0.4 5240.0 2.9+1.8 19.3+125  0.66
I i1 Euryarchaeota 6.6+1.6°  8.4+1.2° 6.2+0.9°  11.9+0.0° 4.4%24®°  55:2.4° 0.24
V&L ] Lokiarchaeota 7.9+1.7 10.3£3.1 6.1+0.8 8.9+0.0 9.0+1.2 6.2+1.4 0.93
Marine hydrothermal vent group (MHVG)  6.7+1.3°  9.0+1.7®  11.0+1.5° 95+0.0® 4.0+1.8" 4.2+0.2° 0.06
2717 Thaumarchaeota 3.9+0.6™  7.6%0.9° 14.74#3.4°  7.3+0.0" 3.8£1.4™  3.0£1.2° 0.01
Soil crenarchaeotic group (SCG) 1.740.3"  45+1.2° 11.642.8°  4.5+0.0° 1.9+0.8°  0.7+0.3° 0.00
Hfhi ] Other phylum 1.3+0.1 1.7+0.1 1.4+0.2 1.940.0  0.9+0.4 2.1+1.1 0.95

W RERN A ZE SRR P EIEME, BEMHZESFI/KT P<0.05 Yt S R ; AHR A FRR R 2548 83 (P>0.05); AF
BN 2 W) 25 5 i 2 (P<0.05).

Note: P values indicate the global difference level among layers, and statistically significant P-values (P<0.05) are shown in bold. In addition,
the significant differences (P<0.05) between layers are marked with different letters, otherwise (P>0.05), marked as the same letters.
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