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Abstract

Anaerobic digestion is a microbial process that is widely used for the treatment of organic waste.
Anaerobic digesters are considered an efficient method for waste management and renewable energy
production. In this study, the communities of bacteria and archaea in the anaerobic digester of the
Isfahan municipal solid waste treatment facility were investigated using the 16S rRNA gene next-
generation sequencing technique. The main objective of this study was to identify and evaluate the most
significant bacteria that play a key role in biogas production. The results of this study demonstrated that
the microbial community in the anaerobic digester of the Isfahan region was mainly composed of two
phyla: Bacteroidota (44.7%) and Firmicutes (30.5%), which together accounted for 75.2% of the total
microbial population. Furthermore, the phyla Proteobacteria (9%), Cloacimonadota (5.6%),
Patescibacteria (5.6%), and Actinobacteriota (4.5%) were present in significant proportions. At the
genus level, uncharacterized genera, such as DMER64 and LNR_A2-18, were identified as dominant
groups. In contrast, the presence of key functional genera, including syntrophic bacteria such as
Syntrophomonas and Pelotomaculum, which play a crucial role in degrading long-chain fatty acids,
along with hydrogenotrophic methanogens such as Methanobrevibacter, indicated the existence of an
efficient metabolic network within this system. By identifying the microbial community and key
functional groups, this study provides insights into the metabolic capacity of the digester. These
findings can serve as a foundation for future studies investigating the direct relationship between these
microbial communities and digester performance indicators, such as the methane production rate, and
for proposing practical strategies for process optimization.
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Introduction

Anaerobic digestion is a vital microbial process for organic waste treatment and renewable energy generation. The
effectiveness of this technology depends on the microbial communities responsible for breaking down organic
material. Techniques such as 16S rRNA gene amplicon sequencing and shotgun metagenomics offer remarkable
opportunities to explore and understand the microbial communities within anaerobic systems. These advanced
methods provide crucial insights into the taxonomy and functional potential of these microorganisms. By utilizing
these methods, researchers can gain a deeper understanding of these ecosystems in terms of their structure and
functions.

Despite global advancements, there is a significant knowledge gap regarding the microbial ecology of operational
municipal solid waste (MSW) digesters in Iran. This study addresses this gap by investigating the bacterial and
archaeal communities in Iran's first successful pilot-scale anaerobic digester for MSW, located at the Isfahan
compost plant. Using 16S rRNA gene NGS, this study aimed to establish the first profile of this unique microbial
ecosystem and identify key functional groups, such as syntrophic bacteria and methanogens, essential for the
anaerobic degradation process. This foundational research provides critical baseline data for assessing system
performance and informing optimization strategies for sustainable biogas production from urban waste under local
conditions.

Materials and Methods

A composite sample was collected from the effluent of a pilot-scale plug-flow anaerobic digester treating
municipal solid waste in Isfahan during a period of stable operation. Concurrently, key operational parameters,
including pH, total solids (TS), volatile solids (VS), volatile fatty acids (VFA), total alkalinity, and biogas
volume/composition, were recorded. Genomic DNA was extracted from the sludge sample using a modified
phenol-chloroform protocol described previously. The V4 hypervariable region of the 16S rRNA gene was
amplified using barcoded primers 515F and 806R, following a standardized PCR protocol.

The amplicons obtained were purified, and sequencing libraries were prepared using the Illumina TruSeq DNA
PCR-Free Kit. High-throughput sequencing was performed using an lllumina NovaSeq platform, generating 250-
bp paired-end reads. Bioinformatic processing included merging paired-end reads, quality filtering and chimera
removal. High-quality sequences were clustered into operational taxonomic units (OTUs) at a 97% similarity
threshold using UPARSE. Taxonomic classification was performed using the SILVA database (v138) and the
RDP Classifier. Subsequent analyses, including alpha and beta diversity calculations, were conducted using
QIIME and R. The raw sequencing data are publicly available in the NCBI SRA under the BioProject accession
number PRINA1131470.

Discussion of Results and Conclusions

The municipal solid waste that entered the waste processing plant from 1401 to 1403 contained 72.58% organic
matter, based on regular periodic analyses. The acidity of the organic fraction of the digester input waste and
output sludge was 5.85 and 9.27, respectively. In addition, the total organic carbon (TOC) values were reported to
be 39.8 and 28.6%, respectively. The carbon-to-nitrogen (C/N) ratios were 21.86 and 12.22, respectively.

The pH of the system was maintained within the neutral and optimal range of anaerobic digestion (7-9). The
output sludge moisture was 78%, and the volatile solids (VS) to total solids (TS) ratio was 65%, indicating
effective decomposition of organic matter. The total volatile fatty acid (VFA) concentration was 3500 mg/L and
the total alkalinity was 19000 mg/L, indicating a good balance between acidification and methanogenesis
processes. The specific methane production in this system was 508 m3/tonne of input volatile solids, with an
average methane concentration in biogas of 55%, indicating good process efficiency under the existing operating
conditions.

The results of molecular analysis based on NGS data showed that the taxonomic composition of bacteria in the
anaerobic digester was mainly dominated by the two phyla, Bacteroidota and Firmicutes, which together
accounted for 75.2% of the total microbial community. The phylum Bacteroidota was the most abundant group,
with 44,748 reads (44.7%), followed by Firmicutes with 30,453 reads (30.5%). The third group, Proteobacteria,
was characterized by 8,968 reads (9%), whereas the other phyla contributed less than 6% of the sample microbial
community.
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Cloacimonadota (5583 reads, 5.6%) and Patescibacteria (5565 reads, 5.6%) were identified as the most
prominent subphyla, followed by Actinobacteriota (4520 reads, 4.5%). The less abundant phyla included
Cyanobacteria (1.6%), Spirochaetota (0.8%), Thermotogota (0.4%), and Chloroflexi (0.3%). The “Other”
category, which included 14 additional phyla, comprised 1.4% of the community, with Synergistota (2.0%) and
Bdellovibrionota (2.0%) being the most prominent members.

The results of the metagenomic analysis showed that the microbial community of this anaerobic digester was
dominated by two sequences with provisional tags DMER64 and LNR_A2-18, which did not belong to any
known genus level in the reference database. The significant presence of unidentified_Chloroplast among the top
30 genera is evidence of the plant origin of the substrate used in the digester. In addition, the presence of
specialized fermenting genera, such as Syntrophomonas and Lactobacillus, in this assemblage indicates the high
capability of the system to degrade complex organic materials.

The obtained performance data confirmed that the digester was in a stable and efficient operating mode at the time
of sampling. The specific methane production of 508 m3/t VS and the concentration of 55% methane in biogas are
desirable indicators for municipal waste digesters. This good performance can be attributed to the healthy and
complete microbial structure identified in the present. Maintaining the pH in the range of 7-9 provided a suitable
environment for the activity of different microbial groups. The low pH value in the digester can affect and reduce
the activity of microbes associated with the digestion process, particularly methanogenic bacteria. These bacteria
require a neutral to slightly alkaline pH range for optimal activity, as they are highly sensitive to changes in pH. In
this study, the recorded pH was within the range necessary for effective digestion and activation of methanogenic
growth and biogas production.

The composition of the microbial community identified in the digester under study provides an indication of the
typical characteristics of an anaerobic digester of municipal waste. The predominant presence of fermentative
bacteria, such as Sedimentibacter, Proteiniphilum, and Lactobacillus, which are involved in the degradation of
proteins and carbohydrates, together with specialized centrotrophic bacteria such as, Syntrophomonas, indicates
the existence of an efficient network for the degradation of complex organic matter in municipal waste. At the end
of this metabolic chain, hydrogenotrophic methanogens, such as Methanobrevibacter, play a key role in the
methane production process by utilizing the end products of centrotrophs, including hydrogen and carbon dioxide.
Such microbial organization is considered to guarantee high efficiency of the system in biogas production.
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Processing Plant.

S g0 Gl IUT il Oles b sl 8 Sle a3 Y-

4 by e laesls ¢ 09 Son (6513 205 plnil b Ol jan
L;,,ch- S, Glles (ol s 5l oSl s Sae
O N T Ll i
el «(TS) Slalr ST PH dhax 31 oland S5
JS s 5 (VFAT) L1 o sladed ((VST) 18
ket ozsn S S5 5 e e 2
DBy b b Sl s Olgea O 5o s
GS ol s syl e S5, b 5 a8

)

2 - Volatile Solids
3 - Volatile Fatty Acids

b 5959 3Mg0

9 Silgd o pold olKws I (5 diges
S Slos sdvodld

Ol 55815 s 5 3 S o 4 ped & canlllan 5
Copde 5,8 ObL wlie 55 (PFRY) st
2 ol ptisad A (58T e Olgheol 53 (5 g dilany
S S 5581l Slles 0553 5l Gl g oS
s pH 5 58 e s b s 5 sle el
SO 238 bl (Wog Ak Ol Oy 5 o
b G 53 (99,50 ansle I (6 5T S 0613 4 505
(3T pam ) g Aol g Il Ayl p 51 et
03 5 b esls I8 ea Ogs 5 b el ok 5> 4gel

sbes s 5 Joze celi.':..ib»ﬂ @ :\qu:db ey ¥ gles

! - Plug flow reactor (PFR)

doi: 10.22108/bjm.2026.147268.1658



file:///D:/work/اصفهان/1404/bahman-%20ebteda/New%20folder/میکروبی%2025/10.22108/bjm.2026.147268.1658

YF 0o )lis (5 ol o ool 5 nlogh sltia /...

G ol ol (5l gm0 e 03 357 50 (05 S Comenr anlllas

dsb s Ode (Culgs i 6Ll 0T 4 TE 3L (o
DNA i3 (5, Sojlll sl YA 5 Y8+ (slagz s
16S IRNA 05 jiie (>l (omyp 81y ozl el
b s Jlyl (o) Novogene s ,5 4 (V3-V4)
JSan b Gl gL JI5 5 SbulS (gileosleT o1 e
S5 5 Glaods . Sd s plonil S5 ol 3l

! odal dals| B (;5]& U’i‘ .19.‘»}3' a..\.ﬁ:‘jg-\ :)\.Uk.wl

16S IRNA (clad} juze slaasb 1095wl Wgi
G THET jleslizal L ST 5 o SL olulis gl
L4s iS5 16S V4: 515F-806R ,IsaS )L aoluass
Jols 28Ty blses ¢ ;3 PCR STy () Jsi)
New &S % ;i Phusion® High-Fidelity 35 S 10
251 Y505 S Y b 5Y oo 2lle England Biolabs
5285 el SIDNA (S Ly 56T
Gkl el o5lul L PCR OV same (das a0
Slp s 2l (o)s Y 58T U5 6oy g 558 S

L Ol g sl il

DNA ! 5!

S S 65N 4 L e85 DNA £l s
S8 5 pll pps IS 5 gl el e sie ol
P Y I S S I VS SR INCUCY
Ospilim g T 4 PBS 3L 2 e 0 55 (51080
C.,sjf S e sles 53 aids Ve e a4y el s
Yoo 0T a g s o gy Jsbomn 51 s Soa Yo (e
L P N Ll AT
03 Aads Yo Ol 4 bl Al a3 K Sl
Sheaalsl s s g 108k 8 51T Sl w70 gles
4 (YY) o 1) JSUN Tl 2 o5 JS7e J55 e
Cos o b e 5l S ool b glins 5 i L) 4 50
3 255 15 4is O Sodke 4 iS5 43 VYoo
02531 OT & o > Ve Jsibs a5l egs) e silal
S e a3 Yo ite sles 53 4ids Yo Soe 4y 5 A
S 33 4SS T e 4 gad e S (S
Ve dsbl L Jeols gy S e Sle Hes VY

sles s Q.L&di..:.:- Bl ) A& eals 303w Loy

andllas ol 5516S IRNA 05V4 4l 55 (g oddostizul (gla 1) Jgd
Table 1: Primers used for amplification of the V4 region of the 16S rRNA gene in this study

Target Gene/Region Primer Name Primer Sequence
16S rRNA gene, V4 region (Bacteria and Archaea) 515F GTGYCAGCMGCCGCGGTAA
16S rRNA gene, V4 region (Bacteria and Archaea) 806R GGACTACNVGGGTWTCTAAT

Lds esls ol 4 a4 jerls glcws
oows 53 L odiamle lagluls ojlul 5 CiS
(Thermo <5 ,%) Qubit® 2.0 Fluorometer
3= Agilent Bioanalyzer 2100 system 4 Scientific
LIS g wod 8 5 AS 5 WS gL
i sl il g L Hlumina NovaSeq (’J‘ﬂi 89
A el Sl YO b o

ol el el el 9 Gl
Ju. Qiagen) Jj i S5l eslaal b &Y geas
plil (OWIT 428" ==L «Qiagen Gel Extraction Kit
Sl N s GalulS i d o 53 .48
PCR TruSeq® DNA PCR-Free «bulS ool &S
VLI dllumina =57 ,%) Sample Preparation Kit

E) 4L ¢a~U)'Lw Ja&“)‘}w: \.: L;;Ua.n E) (aJar..".ﬁ

doi: 10.22108/bjm.2026.147268.1658



file:///C:/Users/res/Downloads/10.22108/bjm.2026.147268.1658

V20 DV osle sl Jlo (5,0 gulidins )

Yo

aly T Olg oo adMs Hsba &S Coul U8 5 Lo

R e

sl il (odls Cuds” s g ddgl wiloy
Sladpoi 4 1SS ladST )l ¢SS w0 Il ol oddiio
Wl Slol Gl e AL eeass dby e
Shoeslizal b by bl 5 b ST S, gl i
Ll dls s sl Lds Gl Cutadapt ) 5le 5
¢SS 4 DNA axlss a olsis gla il oS

b bl ol (ST 5 plesl FLASH i3l 3

WGl Sl JIg B gl Ogawl i
oUS Db s oIy (G35 A IS S oy
ol eSS S WS L Gl Yo Sl )
5 el Sl G M5 opmen Ll Cod>
SILVA) e n 0315 ol b a5 amlia L PCR Lyl 3
5 el UCHIME v;win 58S o 5 YA e
S I lae pame cdl o ol 4 LS (o

Dy laS by e

Jdos BOTU i 9 B g (Shsdiigs
4w UPARSE) il 5 eslizal b 30 eSS
Bl Cals glyls 47 gla JIg b plowil (Vyr,) e
Slles Guuaib uxly o B 55 sy L) AV
Js K OTU o @l 5 Lds gdwes S (OTU)
i Ol ol e

A s e Sl Eegigus B Cagh (o lull
SILVA) o 031> oSl b oules sla JIs OTU
RDP o2, 81 Lo (la ST 5 o STL b Lad e
€S 5 S b e g )d Uil 4w lis Classifier
23 5 plonil 8 o b

LOTU iyl il :d0d1d Judxi 9 Silw Jboy

Ol Gl Baisad Jig sl 058858 ol

tovsw0 g 3o DNA ob Jlgd
wolasl THET i eslisul L 16S rRNA (sla0j
GTGCCAGCMGCCGCGGTAA,GGACTACHVG
16SV4: GGTWTCTAAT

CCTAYGGGRBGCASCAG,GGACTACNNGGG
P 16SV34: TATCTAAT

GTGCCAGCMGCCGCGGTAA,CCGTCAATTC
P 16SV45: CTTTGAGTTT

AACMGGATTAGATACCCKG,ACGTCATCCC
el lp Lds 5 16Sv57: CACCTTCC

oA SKe V0 s S5 PCR O gla iSTy
J s> Phusion® High-Fidelity PCR Master Mix
Y05, /Y «New England Biolabs) &S &
DNA vﬁ};uh S3do g sy 3 3ole s sl ST
b Sl w0 ol e s eslinel S
Ve 4 515 e a3 WA gles 53 adsl O genly 56
a3 AN Gles s Ogenly $ls s o T e 428>
a5 O gls s Lmjf)'l.'o.\' sl sl Vv e
o35 VY glos 53 Odd sb sl ¥ Se 4 51 5 sle
dep oS Slins 5 A T o s SIS AL
0 e 4 31 8 Ble a5 VY sles 53 ol OB b sb

VR

SCSS 51 eslizuel L PCR &Y guams S 5 oS
Ll ombline glao g bwg (gile el
Gl b 5 PCR &Y guames chle bl Lo gas
Ao o DL 5l g it S 5 S L e JE
ssba Oda glakil 5 olulis PCR &Y pass (L

s ] el 58

s s adsl 5l tedls fdoi 9 4 soud
bbb Jls I Jols b Sledbl Sl silse
CS o by oddipsdi sylukal [y, Sl eslizal

do o oyt Jals dul Bl Sl 435 el 0315

doi: 10.22108/bjm.2026.147268.1658



file:///D:/work/اصفهان/1404/bahman-%20ebteda/New%20folder/میکروبی%2025/10.22108/bjm.2026.147268.1658

\ig 0 ,)ujé,;ptg;‘.u;t,wwg@/...dﬂ.z.u\?dwuljdngr,su)uﬁyw,ifwww

Silgd gt pold 3 hos
—‘\)ng\ﬁ&r\é.a;g}&.aj&w)bujapr
S 9 b3 VA (29 5 cpd Cusby 55 0l Lis (V
Loy 70 Uslas (TS) Sl JS7 4 (VS) 15 Slkel-
JS clle Ll JT sl 5o 4 o sdianOlis &S 5y
JS <l 5 (VFA) mg/l 3500 Ll 5 oz sladoul
conlie ol sdas0lis &5 A (5,5 65l mg/L 19000
Ok o3 A5 Lol 55k 5 oludenl Gladl 3 o
DA Sl 5 il caSe e 00A gt pl 3
S 34 doys 00 38 4o s Oke il Kle L 55,9
s Slles Lol s 55 Al p il oL 5 S

ol

S3lgh gt mold (29 5 drolr o 57 9 5L
Lsls oLz NGS (glaesls P ‘;}Q}A J:J.,J @L’.}
ol 3 s LSl (SesmSt S
5 Bacteroidota asls 55 dale Cow bee (551sa o
JS7 51 e s VoY ¢ yorens> S cals L5 Firmicutes
Lo (Y S b plas) Kb e Jold ) o5 SKon anal
(Aeys FEV Udslae) il FFVFA L Bacteroidota
¥oFOY | Firmicutes oT 31 w5 55 05,5 cp 500l
05,5 s I3 s Kl s (Ao s ¥ /0) il
et (4> ) [Hils AFA L S5, cp s
o3P 5 e oIS el e &7 Sl s e

DS & gad 09 SKon anal

s (doys 0/9) il 00AF L Cloacimonadota
Olgea (Loys 0/F) adllas 0070 L Patescibacteria
OT 5l G 5 Hkd glold @ , o5 slaasls
B (heys F/0) il FOY. L Actinobacteriota
L Cyanobacteria Jsls S Jlsl5 b glaasls . os 8

Thermotogota «.L» > */A L Spirochaetota «.s 3 \/#

osb ol s iledl i b s Ges 5y D
Qjaus.h &LAJ.:lzJ E) C)L.wl:u L_SLM °“\":"J‘I."’u
(Simpson 5 Ysle o gle Jals) WT g5 sl el
sladob JL.«:‘){) L’L: C}J SIS
sl LT plos «(Weighted/Unweighted  Unifrac
Loy obs 288 15 bajlase ag 5 bT
R 5 bl Glaaes 5 0,4, e QIIME) i3l 5

L ‘Ja-‘

Olly laesls 4o samee IOSID A owywd diily
Sequence Read Archive (SRA) ;s asdlles ol glaasl
Llods 0,523 (NCBI) (g5t SleMbl Lo S 50
o)li  (BioProject) o3y, awlid 5 bl
Gloanls  dmas  wies b6 PRINAL131470
Jolo dp e was
SRX25199245 (SRA Experiment) 5 (BioSample)

SAMN42286091

S SLI0. Y

oW

O 9 89959 Wb (obowdias pd S T 9
T I

B B AFDY gl b &S g eb Ll sladll;
LT lal  cilodds 51y dlows 5505 &l ,I8
Sltie . iles gy JT osle o> VY/OA Juls colite (slo 5
o s el a5 Shg AUy JT e ol
s (6, S oLl ANV 5 OAD Ll i s
4 (TOC) JS° JT op 8 polie (puoman . Cul
G oS S Lleds 5SS Aoy YAP 5 YA/A
sdaT s 4 \Y/YY 5 YV/AP 5 5 55 (CIN) 055 25

NG

! - Total Organic Carbon

doi: 10.22108/bjm.2026.147268.1658



file:///C:/Users/res/Downloads/10.22108/bjm.2026.147268.1658

V20 DV osle sl Jlo (5,0 gulidins )

v

ol slasl o jae 5 (Ao ys +/Y) Bdellovibrionota

Relative Abundance

Relative Abundance

Sl okl ‘;_L»L'Ju ‘5@‘}“‘3&%‘;‘}: bj&&)‘f& r&lﬁ M}a}é{.:)b &L_‘J:fb le.hbl.& @‘j‘} Y Jg.::
Figure 2: Abundance of bacterial phyla in an anaerobic digester sample detected by next-generation sequencing
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Figure 4: Phylogenetic tree based on 16S rRNA gene sequences. The tree shows the evolutionary relationships between
different bacterial and archaeal genera.
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