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Abstract

The present study investigated the effect of ammonia load on microbial communities in mesophilic anaerobic digestion of propionic
acid. A laboratory-scale continuous anaerobic digester treating propionic acid as a sole organic substrate was operated under
non-inhibitory condition and inhibitory conditions with ammonia (1.5 g and 3.5 g ammonia-N/L, respectively), and bacterial and archaeal
communities in the steady states of each ammonia condition were analyzed using high-throughput sequencing. Thirteen bacterial families
were detected as abundant bacterial groups in mesophilic anaerobic digestion of propionic acid. Increase in ammonia concentration
resulted in significant shifts in microbial community structures. Syntorophobacter, Pelotomaculum, and Thermovigra were determined as
the dominant groups of (potential) propionate oxidizing bacteria in the non-inhibitory condition, whereas Cryptanaerobacter and
Aminobacterium were the dominant groups of (potential) propionate oxidizing bacteria in the ammonia-inhibitory condition.
Methanoculleus and Methanosaeta were the dominant methanogens. Acetate-oxidation coupled with hydrogenotrophic methanogenesis
might be enhanced with increases in the relative abundances of Methanoculleus and Tepidanaerobacter acetatoxydans under the
ammonia-inhibitory condition. The results of the present study could be a valuable reference for microbial management of anaerobic
digestion systems that are exposed to ammonia inhibition and propionic acid accumulation.
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2 AN = w2 F T HELS s
Aol A =R = B skegeiAl So vl @7 1As)
At f71 axshrol A AlRE A Fet] AFdeR
e A R e S
S 22U 245 10 g COD/LE| g ul& d7 14
v A] B3 o] 7| Z35}o] ZH|3}9 tH Angelidaki et al.,
2009). 1 L] e & - d= 28 vt ) 8.7
g sodium propionate (Sigma-Aldrich), 0.4 g KH,PO,
(Sigma-Aldrich), 0.05 g CaCl,-2H,0 (Sigma-Aldrich),
0.1 g MgCl,-6H,O (Sigma-Aldrich), 0.1 g NaCl
(Sigma-Aldrich), 2 mg FeCl,-4H,0O (Sigma-Aldrich),
0.05 mg MnClL4H,O (Sigma-Aldrich), 0.05 mg
H;BO; (Sigma-Aldrich), 0.05 ZnCl, (Sigma-Aldrich),
0.038 mg CuCl,-2H,0O (Sigma-Aldrich), 0.05 mg
(NH4)6Mo070,4-4H,0 (Sigma-Aldrich), 0.05 mg AlCls
(Sigma-Aldrich), 0.05 mg CoCl,6H,O (Sigma
-Aldrich), 0.092 mg NiCl,:6H,O (Sigma-Aldrich),
0.5 mg EDTA (Sigma-Aldrich), 0.1 mg Na,SeO;-5H,0
(Sigma-Aldrich), 0.04 mg Na,WO;2H,O (Sigma
-Aldrich), 0.02 mg biotin (Sigma-Aldrich), 0.02 mg
folic acid (Sigma-Aldrich), 0.1 mg pyridoxine acid
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Table 1. High-throughput sequencing results

N
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Type Sample Total valid sequence reads Total OTUs
1.5 g TAN/L 31,495
Bacterial 16S rRNA gene 114
3.5 g TAN/L 33,074
1.5 g TAN/L 39,747
Archaeal 16S rRNA gene 18
3.5g TAN/L 37,803

(Sigma-Aldrich), 0.05 mg riboflavin (Sigma-Aldrich),
0.05 mg thiamine hydrochloride (Sigma-Aldrich),
0.05 mg nicotinic acid (Sigma-Aldrich), 0.05 mg
p-aminobenzoic acid (Sigma-Aldrich), 0.001 mg
cyanocobalamin (Sigma-Aldrich), 0.05 mg lipoic
acid (Sigma-Aldrich), 0.05 mg DL-pantothenic acid
(Sigma-Aldrich), 1.3 g NaHCO; (Sigma-Aldrich),
0.25 g Na,S-9H,0 (Sigma-Aldrich), 0.19 g L-Cysteine
hydrochloride (Sigma-Aldrich), 975 mL deionized
water. Deionized water= Direct-Q AA|AH

(Millipore) ol 4] Z=510] A18-5}4ck.

2.2, A
A2 F714 434 ERS7] A -2250 mL HES-Z0]

41180 mL 9] -G-8 4% © 2 30 2] Hydraulic Retention
Time (HRT) 2710 4] S-033191.0m, 90 &5 = ol
91 $2.45 209375 S R854} 27] ]
obEe= HE dtoll sl Bl Ae] =i o= 4
71 1.5 g total ammonia nitrogen (TAN)/LZ % 3}¢]
a0k S AL P A ol ThehE o] 5 A
3 =221 3.5 g TAN/LO. 2 ZaFslo] 2F3}% T}
(Chen et al., 2008). o} 5= 252 NH,CI
(Sigma-Aldrich) £l &3l =& slF=qltk ot
Feo| mE T2 A ol @Y F = TR E
L LR ELEENS PRPEEIErE
©o98l9 1, Zh ool e 2 7)(1.5 ¢ TAN/L, 3.5 ¢
TAN/L)o|A 78/ /el 2700 =2t 5 714 &
SRS 9] A 25 A F 5ke] A A genomic DNAE 4
87|28 3Fgslo] 3231510k DNA 4152 ehefelok
A 21219 16S rRNA gene2 Polymerase Chain
Reaction (PCR)E &3l 5-ZAIX &, A 7| A D&

A (next generation sequencing) Z2HE-S F-8-510]

slefelole} TAIE 27 nlAE FATE B 4
stk SRS A7) A D52 97% similarity cutoff 7]
o] w2} operational taxonomic units (OTUs) 2.2 1
st

Az O] U B Tlopy BT e oA g
/5= 0] A& £ t}okA] 242l richness, evenness, L
231 Shannon diversityS AlAte  H7lSEATH
(Spellerberg and Fedor, 2003). Richness= A]& U] 1]
AE F9 5 9|tk Evenness= A& W A&
TEY] Al = BEE ovfgich Shannon
diversity= 2] e} A 95 = R s A 2
ghE ohd A= ohekst v AE A A 9] Therd
= Jslsto] B7shr] el AREETE 2 Atoll A=
Aletak aLA|E0] 5 theld A14=9] - HA OTUs 5
0.1% o/ =gt W= OTUs = F-2Ju|3HOTUs
£ a1Es}o], o] & 7|REO. 2 ALkslGith Al 7o) v
3 A ARE BEA37] Ysf Silva database2}
NCBI databaseE &-835}o] ZF OTUs9] taxonomic
analysis& 5~33}3ich

3. Zm o nE

3.1, RIMCHE7 IMEEA Hat

2 AFolM = Yot ol 2 TRl 2AhS
wofjstar o] @ 7kAS} sh= n A E A of] TEE A
A5 TSR F 7] dEYol FERA(1S g
TAN/L, 3.5 ¢ TAN/L) 9| A 1454 H 714 4351037
£ -&FHAL 7 270l A AL A A =S A S S
of Attt A<t ZF2 o] thgh ARA|e B 7 1A B
gYatelet. Alete] 41241, 64,569719] A%t 168
rRNA gene A ¥2 #3143, 0]=1147]9] OTUs 2
T158 = 3IeK(Table 1). 3LA|5E9] #4437 77,55071 2]
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Fig. 1. Microbial diversity of the propionate-fed anaerobic digester in different ammonia conditions (1.5 g TAN/L and 3.5
g TAN/L): (a) richness, (b) evenness, (¢) Shannon diversity.

(a) 1.5 g TAN/L 3.5 g TAN/L (b) 1.5 g TAN/L 3.5 g TAN/L

15
(23.8%)

Fig. 2. Venn diagram for (a) bacteria communities and (b) archaeca communities of the propionate-fed anaerobic digester in
different ammonia conditions (1.5 g TAN/L and 3.5 g TAN/L).
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H oMz 3 oy 24
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LA E TR F7FE 4= Qlek 2 Atol A= rA
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evenness, L2]11 Shannon diversity S AAFste] H7}
ahlrt (Fig. 1). Alate] -9, gHmujol 4827191 3.5
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Fig. 3. Bacteria community structures of the propionate-fed anaerobic digester with different ammonia conditions (1.5 g
TAN/L and 3.5 g TAN/L) in (a) family level and (b) OTUs level. For each OTU, the closest species matched by
NCBI database was presented with identity value (%).
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Fig. 4. Archaca community structures of the propionate-fed anaerobic digester with different ammonia conditions (1.5 g
TAN/L and 3.5 g TAN/L) in (a) family level and (b) OTUs level. For each OTU, the closest species matched by
NCBI database was presented with identity value (%).

se1g 4 ik
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HOdsE 28 7 24
A7 AL RS S Shgt 1147)9] Al
OTUs (B.OTUs)= % 13%39] Al TKBacteria
family)o]] &h= 71 0 = WEE| {HFig. 3a). Lo}
B &5 27421 1.5 g TAN/LoJ|4]+=Syntrophobacteraceae
(A9-Hx=, 45%), Sphingobacteriales ST-12K33
(23%), Synergistaceae (8%), Peptococcaceae (7%),

A8t 3

Ruminococcaceae (4%), Lentimicrobiaceae (2%)7}
- = 2% oo -7 family 2 THHE|G 0, 5
AT 22121 90% 2R A 0 & Lpepdt. oo}

A5 A2l 3.5 g TAN/LoJ A= Peptococcaceae
(26%),  Sphingobacteriales ST-12K33  (13%)),
Pseudomonadaceae  (9%), Synergistaceae (8%),
Ruminococcaceae (8%), Lentimicrobiaceae (6%),
Clostridiales Family III (5%), Sulfurospirillaceae
(3%), Rikenellaceae (2%) 7} AT &= 2% o]A4F2] &
A family 2 FH =] 3] 0w, F At w151 2] 82% 24| 5}
Aoz Ueyith & 23S 58 o familyof] &3¢
AlitEo] ZRul A 714 a8k ko 27 o=
ot Ao m A 4 Qlek

IAEE] 79 F 18712] Al OTUs (A.OTUs) =
SR, AA LAl Y] 99%7F AR &
(Archaea genus) Q] Methanoculleus2} Methansaeta©)|
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fl

1y
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P oo | g Ekto] oA Eqte |8/ wEkt Th
P Yol AgHdo] w2 Ao m AR AP -4
2} A X]SFcH Angelidaki and Ahring, 1993).
= A5 Sl Z2H2AF Eafjof] ol Al
family 2& H21a 4= Qlgloh, o] 79 2L
familyof] 3tchal SR ke F@ G A0 4
o] A th& 4 210 2 AlEe] TIAFS S AT
A A= ¢ 2 taxonomic level o] A A7 D Q
Shek. mpeba] & Ao i 2 gt 1147)2] OTUs
NCBI 16s IRNA gene database o] B A 3to] A7) 4L
o] 7V Ak ol thet A2 Figtelel elsiaint
(Fig. 3b). ¢Fmjo} %3] 27191 1.5 g TAN/L %71
of| A 71 2490l Syntrophobacteraceae 2] 7 .5
Syntorophobacter sulfatireducens (Identity: 99—
100%) % 4% Aoz A=k 7o =9
Syntorophobacter sulfatireducens+= 5 J7|4 T2
gAY E R HAE AL glo], 2 A ATelF
S8l &, S. sulfatireducens= GE U o} H] A3l =4
of|A 224k Fafjol AR A 7 TS
Ao 2 A=K Chen et al., 2005).

obrt Lo} A% 71213.5 g TAN/L 2710l A] 714 $-
A Moz BHE Peptococcaceac?] 749 1.5 g
TAN/L ZAo| X Pelotomaculum isophthalicicum
AFOTU (Identity: 96%)7}6.8% AFtH 94 =2 L]
Q3131 3.5 g TAN/L ZAA= Cryptanaerobacter
phenolicus 5-AF OTU (94%) 7} 25.8%2] At &4 ©=
E e 9431 7 © & WHEATh Pelotomaculum

o

T o

i)

I3

of|= P. propionicicum, P. schinkii 5 Tf3t 2
21244} Alato] Hafigls Ao ® Bt gk
(Imachi et al., 2007). 2| DNA-based stable isotope
probing 7|55 083t L2 3| 24 A T E A
of| k= Cryptanaerobacter phenolicus 2] 73-9- A
Aol Z2 a2k ARt EAS 7 ez Hu
3}l QIti(Wang et al., 2019). & 7L A1}9} £l &
], Yo v A&l Z AN A= Pelotomaculum7}, &
Huyo} As| 2 Aol A= Cryptanaerobacter7} T 21] 2
A Abslol 9 oS e o2 2,

= oo} 2710l 5 8%¢) Alt) S S L]
W Synergistacea®] 7 AA| 2] 80%7} Thermovigra
lienii A} OTU (Identity: 95%), Aminobacterium
colombiense (100%), Acetomicrobium Mobile (98%)
2 ez EERICE 1.5 g TAN/L 2704=
Thermovigra lienii -3-AF OTU7}5.0% At S =5
UEhle] S5k v 3.5 g TAN/L ZA0AM=
Aminobacterium colombiense?} 4.5% A X ==
e 951l Z3 ol W= Thermovigrait
Aminobacterium®l| 3h= Alot F-2] 73-¢- @A 7HA] =
224 712 7P A e ' A T2 QA
L2 A7/ 45 k37 oA sk A o= o
] B3| A ®RarE vl Q1 o, Thermovigra®) 73-5- 3¢
A QL oPH| EAF AV} it =2 H a1 F vl QltK Lee et al,
2019; Singh et al., 2021). o] & v} & uj|, g Ao+
e Rl e e S opA A st A 71
Sbonind Ege 98 AR0] e AOE 34
T, £38] 4. colombiense2] 73 LYol A3l Z=HA
oflA AAY 915 7H Mt o2 7 Th

1.5 g TAN/L 27104 1% u|qte] Ao -1 =E 1}
el 3.5 g TAN/L Z270f|A 5%715Fe] =g B
Q1 Clostridiales Family II12] 73-$- A4 A =2] 96%
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100%) 2 3% Ao 2 =] QIc). Tepidanaerobacter
acetatoxydans= %2 7|4 Az o|A TAE =)
A9 O AL S} e 2 520} 84 RN} B
A= 7 0 2 W 1% 31 QT Westerholm et al., 2011).
Methanoculleus bourgensis7} $H U o} A3l Z 7 o] A
97 a0l 4 kel 2 Aol 2 Sl
w(Fig. 4b), dH o}t A=A M=T. acetatoxydans 2}
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