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Mechanism of trehalose-enhanced metabolism of heterotrophic
nitrification-aerobic denitrification community under
high-salt stress

GUO Lei, XIAO Pengying, LI Longshan, CHEN Shuang, YUAN Gang

School of Chemistry and Chemical Engineering, Chongqing University of Technology, Chongqing 400054, China

Abstract: Heterotrophic nitrification-aerobic denitrification (HN-AD) bacteria are aerobic
microorganisms that can remove nitrogen under high-salt conditions, but their performance in practical
applications are not satisfactory. As a compatible solute, trehalose helps microorganisms to cope with high
salt stress by participating in the regulation of cellular osmotic pressure, and plays an important role in
promoting the nitrogen removal efficiency of microbial populations in the high-salt environment. We
investigated the mechanism of exogenous-trehalose-enhanced metabolism of HN-AD community under
high-salt stress by starting up a membrane aerobic biofilm reactor (MABR) to enrich HN-AD bacteria, and
designed a C;so experimental group with 150 pmol/L trehalose addition and a C, control group without
trehalose. The reactor performance and the community structure showed that NH4 -N, total nitrogen (TN)
and chemical oxygen demand (COD) removal efficiency were increased by 29.7%, 28.0% and 29.1%,
respectively. The total relative abundance of salt-tolerant HN-AD bacteria (with Acinetobacter and
Pseudofulvimonas as the dominant genus) in the C;5¢ group reached 66.8%, an 18.2% increase compared
with that of the C, group. This demonstrated that trehalose addition promoted the enrichment of
salt-tolerant HN-AD bacteria in the high-salt environment to enhance the nitrogen removal performance
of the system. In-depth metabolomics analysis showed that the exogenous trehalose was utilized by
microorganisms to improve proline synthesis to increase resistance to high-salt stress. By regulating the
activity of cell proliferation signaling pathways (cGMP-PKG, PI3K-Akt), phospholipid metabolism
pathway and aminoacyl-tRNA synthesis pathway, the abundances of phosphoethanolamine, which was one
of the glycerophospholipid metabolites, and purine and pyrimidine were up-regulated to stimulate bacterial
aggregation and cell proliferation to promote the growth of HN-AD bacteria in the high-salt environment.
Meanwhile, the addition of trehalose accelerated the tricarboxylic acid (TCA) cycle, which might provide
more electron donors and energy to the carbon and nitrogen metabolisms of HN-AD bacteria and promote
the nitrogen removal performance of the system. These results may facilitate using HN-AD bacteria in the
treatment of high-salt and high-nitrogen wastewater.

Keywords: high salt stress; trehalose; heterotrophic nitrification-aerobic denitrification; community
structure; microbial metabolism
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Figure 1 Schematic diagram of the MABR. Wastewater was entered into the reactor from the inlet pool by
the peristaltic pump. The gas was entered into the membrane module by the air pump from one side
meanwhile, the excess gas was entered into the bottom aeration by the flow meter from the other side to form
an oxygen cycle and provide sufficient oxygen for the microorganisms. After the reaction, the water sample was

Gas supply system

taken for analysis, and the rest of the wastewater was pumped into the outlet pool by the peristaltic pump.
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Figure 2 SEM characterization of the biofilm in the start-up operation of the reactor (trehalose not added).
The SEM mainly reflected the microbial growth and attachment in the two parallel reactors. 0 d was the
surface morphology of the MABR bare membrane, which presented the uneven and dense membrane surface

and uniform distribution of membrane pores. 28 d showed the formation of biofilms which mainly growth
bacilli and cocci on the membrane surface.
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Figure 3 Performance of the reactors during the startup and operation. C tre: concentration of trehalose.
Phase T (0—28 d): performance of the two parallel reactors in the inoculation and startup stage. Phase II
(29-106 d): performance of the experimental group with trehalose (C;s0) and the control group without

trehalose addition (Cy) in the stable operation stage.
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Table 1  Alpha diversity indices

Reactors OTUs Coverage (%) Chao Ace Shannon
Co 269 99.82 320.50+16.94 314.21£25.07 3.06%0.26
Ciso 293 99.82 365.94+19.37 362.12+19.09 3.76+0.11
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Figure 4 Analysis of microbial community composition at the genus level (A) and the relative abundance of
HN-AD bacteria (B). (A) The community structure and genus abundance at the level of microbial genera in
group Cy and group C,s0. (B) The significant differences in genus abundance between groups based on the
results of figure A, which clarified the functional genus categories and abundance patterns significantly
affected by trehalose.
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Figure 5 Volcano plots (A, positive mode; B, negative mode) and top 20 enriched KEGG pathways of the
different abundance of metabolite components in Ciso and Cy (C). (A-B) The red dots represented the
significantly up-regulated differential metabolites (FC>1.5, P<0.05), the blue dots were the significantly
down-regulated differential metabolites (FC<0.67, P<0.05), and the black dots were the non-significant
differential metabolites. The color depth in Fig.5C represented the P-value of enrichment, the darker the
color the smaller the P-value and the more significant the degree of enrichment.
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Figure 6 Analysis of different abundance of metabolic pathways based on C;s50_vs. Cy. The length of the
line segment indicated the absolute value of the differential abundance score, and the size of the dots
indicates the number of metabolites in the pathway, with larger dots indicates higher numbers; darker red
indicates that the overall expression of the pathway was inclined to up-regulated, and darker blue illustrated
that the overall expression of the pathway tended to be down-regulated.

P, UL R R IR N U EE P R A BRIUH (INEEERRAAE A R BER ARIAmE E
AR TS . FoxO 5 ml i% RRH I RS fUHE) e AL H (EBERE-(RNA LW
PRI, AT AR, Cso B KENUARS (KEWERRE . KIPBOIMER
FoxO fR Sl g ih vk T, IR sl & Bk S RIss) = RN BEAR S A AU B 1k
RIS FoxO ff Sl B0 AR NS T FESNIRIEI M T 2 B, BWIfE s iR
FRAER], W TR T AL SRR SR USIIEEEEREXT RGN HN-AD A A AR

=: 010-64807509 B<: cjb@im.ac.cn



4546 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

KB fast e Rkl E EmPER
232 SMNRMEEEMNEHRES BB

e 6 P, Hbifs B4R cGMP-PKG
I PI3K-Akt 5 544018 #%_Eif o X PN 5l
B S AR A K I FEA G, cGMP-PKG 15 5 il
P TR AR T A L A A 1 B ) R b R P R AR
s Akt A2 PI3K {5 18 #% T Ui 9 32 28 0 3
ZHAIMER . b IR S AR
FIRME S BT PETE Crso 2H B, UARSMIE
TSR T 5 AL HN-AD B %) 41 AR KB4 58 . i
T PI3K-Akt {553 H i P b 2 ik — 2 BR 1
FoxO 55 B M EFPY, Rk, %5 o5 40
JH R T R A B IR B B T O B A AR S i
(FoxO . apoptosis il necroptosis) i 432 5 M 44
T AMEAYE S S G T R4 HN-AD
WA M A K B AR T . D IR AE, {2
BEREY A K S

Ciso HAREL CotHHh, SRR B VI
B 5 W% IR 15 5 18 % (sphingolipid signaling
pathway, S1P) FI#fEM# D (phospholipase D,
PLD) {5 5@ EgiE M, LI SYs A R n
ABC ¥z EFRBHW B EIH (K 6). S1P Al
PLD A PEBENR A, 45 Bl 1ot A e 2R At oo e
NRR M NAGK, = S5aiiEmfs 5% . WS
ARl ABC #5388 11 W] AFR IS TTHLER B F
Wi @R, TERUEYPL M RS E AR
FAEY. Ui s i i i b, AR B
BEERIER A, BN R A R T
TR R 38 T TR R A A A i AR A R DL
A% it A
2.3.3 MRS TRENEX E AR AR K B R I

B K PE B 2 5 e 0 B Y SR AR RE 1.
IR .l (phosphorylethanolamine, PE) Flfi iR
JE##% (phosphorylcholine, PC) &k Z %4 it & v
BENRR FE T, RS 5 s SRR A Y

http://journals.im.ac.cn/cjben

E NG E Z I HE (phosphatidylethanolamine,
PtE) R, HIL, @ik KEGG B R 43 B
PR BENE USRS, HACEM A R A 7A e
7No PC I PE HYFETE Cso AP [RFEH L B3
PC XHAUMAEALIZ TR . BB TR AE T Y,
SMEHEIEEERE M PC FE L, (R AN
I BEERAY PC 23 A QA 40 g A8
TREMY, XV A0 B 15 A8 AW TR
EHRWAEM . 1A, PE FBE iAok g0 3k
P T ERAY PtE A, o AR A 4 T B
A EEERAE S AR, Ciso 4IAHE Co
41 PE bR, U6 SNV B A T T AR
JE TR HN-AD 3 R 4
234 SMNEMERBENEFERSRE X
Gk ESiR:EA

WA SRR R LT —Fh R B R
A, SRS R, A
IS GRS E= e ynw s kas dead i g 1K T N ]
HIRSE) KT AN M E R, ikl 7B

JIi7s . Coso HUAREL Co 4, AR B e 42 )3
T mERIIETS AR Y AT AR P s e AR

WG AR, A I SRR DA 5 a2 1 R A
MPBIE T, DRI A0 A5 2 4 o A i A
ORI e B IS . SR AR
PN A RIS A 75 5 2098020, W] HN-AD T8 1 Al fiE
B I8 i AR R BRI R M, TR i
T MA@

e 2 8 P 0 3k e JEE AR P A O LR T
SEFIFFEAIR DNA S OB (T) AAIRTH AL SN
XF 20 A DNA 3 E YRS, HA 2 e A B
AP RN, RS P IR FEAE Ciso 4
R, RS T R 4 TR AR R 0 s R 3
4 = 2 3 HAT SAF AR RE ) . HN-AD TR ¥
52 AN T OBV T 4 2 0 4l 2R 5 AL
SET- AN MR i R o8 RO AE



NE %SRRI RINE T B R R BB B

A B
- kookosk
2.0E+06 - I:I ;s ***_I_ 6.0E+05 \:I C, -
|:| Ciso |:’ Ciso
1.5E+06 - 4.5E+05 ¢
2 5]
2 Q
s E
E 1.0E+06 | £ 308405 o
> R
< <
SOEH0S | su 1.5E+05 |
0.0E+00 0.0E+00
PC PE  Sn-glycerol-3P PA Proline Betaine
C D
4.5E+06 l:l C *q_ 3.5E+06 ‘:’ C *
0 0
C C ']'
3.6E+06 L I: 150 2.8E+06 - ‘:’ 150 {-
3 3 %
£ 2.7E+06¢ * H 5 21E+06 3 i
: :
2 S
< 1.8E+06 T < 1.4E+06 |
*
sk
9.0E+05 g ! 7.0E+05 | H
= e ok
0.0E+00 0.0E-+00 =1 = [
’ g &L g L & > Asp His Phe Ile Val Arg Glu Leu Pro
L & & & & &
v SN
&

7 HNRMEEEREERTHRERBYEE Q) NERMEXEREVEE B).ZRSEEFE (C)
SEBRREIEE D) ST CodM Crso HAHACR Y+ AR08, WK AL B, C. D U4
7 T PR T B X B AR QI . S SR A . RN g DL AR AU R, B
i T B X g R R K PP R R A A A VR AL

Figure 7 Abundance of metabolites related to phospholipid metabolism (A), key metabolites for high salt
stress resistance (B), purine and pyrimidine (C) and metabolic amino acids (D) upon addition of exogenous
trehalose. *: P<0.05; **: P<0.01; ***. P<0.001. Asp: aspartic acid; His: histidine; Phe: phenylalanine; Ile:
isoleucine; Val: valine; Arg: arginine; Glu: glutamic acid; Leu: leucine; Pro: proline. Based on the analysis of
the changes in the abundance of relevant metabolites in Cy and C;so groups, the effect of trehalose on the
abundance of phospholipid metabolites, metabolites resistant to high-salt stress, purines and pyrimidines, and
amino acid metabolites were illustrated in four aspects of figure A, B, C, and D. The mechanism of the
trehalose effected on the growth and metabolism of bacteria community in high-salt wastewater was clarified.
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Figure 8 Relevant metabolic pathway changes upon addition of exogenous trehalose. Red on black
represents metabolites upregulated in C;so_vs. Cy, red upward arrows indicated that the relevant pathway or
function was enhanced. Metabolomic analysis revealed that trehalose had significant effect on carbon and
nitrogen metabolic pathways, phospholipid metabolic pathway and DNA/RNA synthesis associated with
microbial growth and proline synthesis against high-salt stress, and that trehalose enhanced bacteria growth
and denitrification by up-regulating the abundance of key metabolites in these metabolic pathways.
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