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Abstract

This chapter examines microbiology and genetics through
relationships among microorganisms, inheritance, biological
functions, and environmental interactions. It reviews microbial
diversity, classification, distribution, decomposition, elemental
cycles, symbiosis, and ecosystem balance. The microbiome is
discussed as a way of understanding connections between a host
organism and associated microbial communities, rather than
restricting microorganisms to their role as pathogens.

The chapter then addresses inheritance through genetic material,
genes, chromosomes, and patterns explaining similarities and
differences across generations. Mutation, regulation of gene
expression, and interactions between heredity and environment are
considered. The discussion emphasizes that a visible characteristic
cannot always be explained by a simple relationship between one
gene and one outcome. Tables and examples support comparison
among concepts and levels of analysis.

A further section considers scientific applications where
microbiology and genetics intersect, including microbial diversity
assessment, molecular  techniques, biotechnology, and
environmental, agricultural, industrial, and health applications
discussed in the source. The conclusion addresses genetic literacy,
privacy, responsibility, and safety, emphasizing interpretation within
context rather than deterministic judgments. The contribution is an
integrative educational treatment connecting cells, organisms,
environments, and applications, supported by references, examples,
and tables. It does not report one field experiment testing all of these
pathways. Instead, it organizes their scientific relationships and
identifies questions and requirements relevant to their use.

Keywords: Microbiology; Genetics; Microbiome; Biodiversity; Biotechnology
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g5l 2 s (Thermophiles/Hyperthermophiles) sl all syad <) .
Sle Asie a0 1005 80 Jsladi 5ola Gila de gaill e 308 415 4,0
a3 L) culS ad g AalS 5l 5l pal) cilatig b lal) alill 3 Jall s LS ol
dols iy A4 Ghes A Thermus aquaticus LS o« Taq Polymerase
ale 3 e @jie Al (PCR) Juduial e sall Jeldi 448 ade culi 3 GuluY)
sl elal)

Cla e B dns Sl g5 Gan sl (Psychrophiles) sl cilil) .
Adads ey 3 iy Aailall & Bl dadl) adadl 3 aa 8 IS (g gl Jaall (53850 s
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Gyl & dalall 4y jeaddl cLaYI a3 :(Halophiles) da skl ddle ciliyl) .
5fie LS je xid 5 «Great Salt Lake 5y el adlS ladly daiidll il
Agdall 5 e liall Lalill e plaia S

o a5 :(Acidophiles/Alkaliphiles) el i 4 sead) 3308 i) .
Apliia) GlS Llaay Lee 11 e ol 51 2 e J81 dia gan da o il iy 8 6 ) V)
LAy s sl Qa1 () 58 ada e Lt a8 Cua (g

sl AL skl A5l e 4y A (Extremophily) sl okl o3
oas¥) o Luld iy 8 osball sy Jwia) s Al 5 Jis WS el
.(Rothschild & (Mancinelli, 2001)

g peaall ela¥l ale 4d4a, 5iad 2.5

4 el eliall ale sl 251

Asgisod ol Ssul saleell allall ) 4 jeaall clald) ale 30V 3 Jadll 2sey
bl ¢ Al & ) Alle &y jeae Slure 3k Al (Antonie van Leeuwenhoek)
Gl sl Wlawl 3 dgliay 4y jeaall clall wli e Jyl OS5 )a(1674 e
0S8 Al JalS a alle e B3l gl LSyl 1 =8 » (Animalcules)s saall
Lgpdall Cllaall 5 Gl paY1 8 LESH o2 gl alell agdll () e 8 (e 40 ale Gl
ES O ngos b puslSelde &y e yde anlill g all A Y) )6l Al

(Germ  al ped A siyall 4kl Jiles (1822-1895) asi il sinly Gusd (ous
da 438 IS Lgiad Gaailly jeddl) o Gy sad @l o 2 Theory of Disease)
sl daalaall |l €I e Apaal) laldlll gl ginly 3k LS 60 Gind (S oals Cand
A ) Baad o gl s aadiud JIE Y s il ddee e Sliad d@ipall 3 jeall s ISl
(Koch's 5_ueill g, ailaliss qum g 288 (1843-1910) el & S gy Ll AL
CadiSly (paally oSl G A A8 GLEY agie J=eS Postulates)
La gl sdll (8 s s ila o diany indldl 5 pealls |l Sl 5 Judl ely 4 Gl
11905 ple bl
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L jeaal) sbal) ale & daal) &l )kl 2,52
a5 DNA SLES) )l g g seaal) sba¥l) ale & diia 3565 (g pdiall o ) 2¢d
Gaeall Ay sl Al GLEK) (1928 ale mialh 4 e cpluid) GLEKT 5 ()6l sald)
(Carl uss JJS agnsl coa sl sV cuilall 8 1953 ale el S5 ¢y sasil s JB e 5553
Gl SO shall Caal aay (A oaladl Ll Gl Glide S Woese)
3inl LSl e LSOV de gane o juah (Ulla a2iad) (Three-Domain System)
Gl sela Gl AN i) dhae 85 . 16S rRNA I gos 8 &l G580
ae & 5,5 (Next-Generation Sequencing) 4aliyl Je sl Jdulal
5 _pilae A5 Saall Claainall Al 2 (e slalall i ((Metagenomics) dgid) 4 sial)

ofaall (Algie) ) Aalall g0 mplall Leiliy 8

(Human Microbiome &l asms Sl gobe IS GaY) Qg b
g ls 2l (e A gaae e Sl gie e s AY) S Adad) &l Ll s Project)
b Aalall CELESY) Jaal 55y Apmgalall 4iling g i) anny Adag jall A5 Seall Cilaainall
sladl LY agh 5ume A 5 fle B Jseal) (o0 lee de jlude 300 Jlaal 128
Slall 8 la 54 el

aliall &l g2 3 A seaall slal) 5503

Os 3,031

385 aSal Ll 3 sall s daalladl s jSH B 50 (8 il e D) & peaall laly) 2aS
O Saadl O slladll apd Aald) il s A il el s s sall G Gy @0 S
o sl el ) & paal) salall 8 S8R G 5 SN (Microbial Decomposers)
(Falkowski et al., 2008, pp. wsiall sl dglee IR o 508 aST JG JSS
(Methanogenic (Sl L& YN 58 ddlad bl 45 .1034-1039)
850 A Laga 1590 525 Lae ¢y sianll 3alall Qs £l (CH,) olisd) 3le Archaea)

allal) ¢y 50 S
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Aadai¥1  Cpe )l oY) (paiidl) (Cyanobacteria) sB,50 LSl s clladal) Jids
13 Judle b aladiy sl Jiaill ddae e ssadl s SI i 3) gl Ayl
Le sas bgin Sl (e o ke 48 s i ddasaall Al 3l sl o L3 Al
(Field et al., 1998, pp. 237- 4l cblall 4 3 ;s S Maa) G55 Joled
G llmall b S (5 gumal) g KU s b Uil A senal slial) sty .240)
QI (5 smnll G 50 S 35 ) ((Microbial Loop) s Sl dalally Gyl e DA
JB e ey aay il o (Kar s S g A ) Gl gal) oDlgiu¥ JA e
a2 el 8 el sy

Caas il 3550 3.2

ASati 3 ¢y yeaall eliall e 13laie] Al s gl <l gall ST (e cpm g yil) 55 50 30
sl ol cudll Aa e B Lelalye e Gy Aage S b il Sl
Aie LS J3a5 Cus dgaal 3V 5 I8 5 53l (Biological Nitrogen Fixation)
J& e s Anabaenas Azotobacters Rhizobium odial (e gas il
(Vitousek et Leie 3aliiny) dual) Gl ¢Say (NH3) Wisel G (NL) sall cn s il
Annll alaill (8 cpag il JAaY N bl o shadl Cudll 13a 3 al., 2013)
LGalle Gsin gl 0 sile 120 sahy 4iseS 38 5 chamlall

ma il By penal el Loy o5 (5l ) ol say )55

Glig gl dllad L, J3ad j(Ammonification) Lised a1l Jial) .
salall (8 53 sa sall Clasi il guill 5 AgiaaY) (mlaa¥ls clisig ) e (s suanll G g sl
(NH,*) assisal ) Aisall 4y gaaall

Nitrosomonas o (e i saM 008 52 LS J3a o (Nitrification) il e
&V Cuil Nitrobacter oais e AT LS J3a8 &8 (NO,7) Cu i ) 4 i saY)

(NO3™) s
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Jie cpasull AL3e LLEG Jss5 (Denitrification)  dsull A ) .
oN 5 N,O ole 4 e oyl & & all Paracoccus s Pseudomonas
sl MR ) Laaaud g

saley Alulidia s AdaKE 5 ) goms 4 jeaall clalY) Ciladdias Jaad oS 288l 5 gall o3a yelsh
.(Vitousek et al., 2013) Sl alaill i 5<a G 488N g (o g il g3
Cusll3550 3.3

Soed JE 5l ol ulS o) 5 e Sl 850 (A U saa 150 Ladl 4y el slia¥) caal
Crnshgl) i S AN Ay U LS yal) g Sl B 5l LSl IS el (e
A al oSl g iy (oSl 25a B (SO42) clinS J Wlsads (H,S)
S A S iy Gas s ougdl A S I A0 Sl Cagpall 8l Sl sda il Sl
Sllasnall (g sllait Al Ay pSU @l ) aal e Alall Gl sall 4sish 3 (DMS) Jiiadl)
8y Al il 8 by asasll IS 5 JSE G gy gsall GOl
.(Charlson et al., 1987, pp. 655-661)

Dsimsdll 353 3.4

05 SIS (ssall GO & Jala abeay Ujle SIS el ¥ S iudl o e ) e
SO clblall aalif s s gl 03 (8 Uoasa 1550 Leaal) sbal) a5 (s il
Aliay W3 alaady (g dall ) shusill (ol 4 pme Waleal 0 (3 52 ga gall L il
Clilae (e sl (aliaial 8 (Mycorrhizae) 4oiall kil aeud LS il
il sdally dhpal gl Shlie zola did Al 438l 4l oSl e Bam
ULl e A jeaal) byl (il dgldl clidl 85 (Smith & (Read, 2008)
Al ekl (e LS 8 sk peaie sa s rliall ) shusdll e Calladall g A5kl

Al Sl 5 A1) Judladl 5 4y el sliall 4

Onl ol aaiiaS &y yeaall sl 4.1
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O S A I o el aclE el ) 3l L Sl Callaall A guall 4y jeaall Lyl (RS
Gl 05 S e A saaadl 4y gall GBS SN o2 i A V1 Alall Al aLail)
&b s Ss AUl dws N Jsaal) ddasi Jidd 5 il Sl 48U i 45 guall A8 JDlaiu 5
LAY dalny) N el 3 (Field et al., 1998, pp. 237-240) sl ¢l
Sl sl (6 Lo caaine 2 ylaall el send 2l 53 Zalisy) Jobay Lay Aslall (31 5al)
oY) e sball acay b dagall il bg]

llaaS 2 sead) cla¥) 4,2

el 3 ) el s ) SV aal e claiS 4 jeadd) slall 50 3ad
Al Gl Sy 3 sa G AR aliall e sale) s &) g guandl salall Jidady
OsbLullS Sanall 4 gumal) il jall S iy phadll g LSl a8 Lgte 3aELY) (5 AY)
el las ddlagun Alyia A Jladll e duastioall o) sall (e la e 5 ol Sl Guialll
(Falkowski et Al aUaill 8 3303000 jaliall (3805 4y ) paial) Ganay g dduall 3 gall oS 5
aliall il e0 Cagtin daulad) 4eaal) o3 (55 .al., 2008, pp. 1034-1039)
ol ) AUl ey 5 4ilaal)

Cillagsall 8 4y Sadl) dilall 4.3

pd O bl ¢l il ok 63 (Microbial Loop) & s Sedl 4lall o seia
x5 pSU Lpdpnall LSl el oS o sgdall 138 Coiay G dplaaal) o133l) Sud
dealiaial e ARl A< e ) Al eall 5 ALl 3l sl 48l 3 (DOC) il
LI YIS A0 Y1 Al o) Blsall U8 e el day llgind 353 Gpa A ) 4l
Aaa) pealiall g s ySI i aale Y danld 3L A s ,Soal) dalall Jidh 3 sl el yadll
gadl Al e S 30 e 20-50% s Lealae 3 el b
.(Azam & (Malfatti, 2007)

a5 il 5 4 jeadl elal) fu edlelall 4.4

U e dana LSSV dall GLHK pe ddira Baie GBle Iy el slall A

Al o e Al L) e (RhiZODIA) Fodall LSl A83le 3 Jalaill 5 pudlill
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A5 SN lSll Jiie AN aa il lall LA 85 us ol BIY) JAli
e B RIS A 40l by ki) o IS (Moran, 2015, pp. 699-702)
3yl A il 5 Adladl g Hlall 3 duala calaall g obiall Galiatal o g ya8 ) 3ad el
Adaall jalially

LS ae 4y el sl clBdle ST e (Parasitism) dbehll 325 (il Jilae 8
Gl cand Lo an g QIS Ll 15800 s Funeall ial 5eY) iy ol SLil 5 5l Aaal
sle Al clal) cladiae Gl Cua ((Microbial Competition) s Sl
lacinall s ik g s JS e %) Lae dalioes 6138 (e daliall 3l gl

Gl g ol saall s syl daa s 4 seaall sla) 5

dumjaal) 4 el sla¥ 5.1

solmall o WL 158l o T 3l (ol eV (e G 5 Lk i yaal) Ay jemnal) slia¥y) (il
(Yersinia bl g selall 15 yaadll 4 Uil 4 Sl Gl e Jadi g Uil e dplusy)
Judl 5 eeadall Ldie @l W oAl & Lyl (S s 38 L slay 525l s3I pestis)
o) e a3l 5l bl 5l sl ) Y 3l (Mycobacterium tuberculosis)
Al Glage 8 L8 S (Vibrio cholerae) 1o sSlls callall (s sine Lo dandll
Vsl by Jlcanin) A4S s il (al eV dmea o Wl m U e asda
1938 € dallay padid Osle 1005 50 o b by a5l @ 1918 aHle Al
(Lederberg, 2000, dua yeal) 4 jeaall sladl Jilel) a1l Y e Jdaill 65 sy
pp. 287-293)

ic yi (Virulence Mechanisms) sl ye) il & jeall 2 peaall slal) i
asand) L) SV 238 Jali | (ya yall Gilaa) s il eliall Sleall (e COEY) (e Le&a
«(Biofilms) 4 sl daiel) Jis (Bl LA Jals (wiaY) e 3,48l 5 ((Toxins)
Uaao Gasd dysall cilaliaall dojlie S50 Jiddy Aasliall il ) i) Jaill
s oa Usin O5isa (add 700,000 O L 3) Al i) ol ge laali | 5pkad Ualle

(W(HO, 2019) &a il L L (5 5ol
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4 sl daall dadlill 4y jeadll a1 5.2

e Llaall i lge e Y 1) sal dxdlill 4 jeaall elal) oo cclinhadll o Laiill e
Cealls (5alIS D) 3 jaaal) g piall s V) g Seall pedil) @it Gy daaa
leale ey Al dmaay e dad ) 432 oay QARAD Sl EieSly sl
Ol s 5 4 galdl laladll e liall 4y jeaall cla¥) i LS o) YT die sy
.(Madigan et al., 2019) Al & gl 455331 5o W 2 5 58 S8Y 5

Bomse e My Cyaall Calall 8 Ay Suall cilalgal) ol (e 4 geall Glabiadll 345
o el unsll e 1928 ale aluill GGLEKI Ma Goa a1 uad (s dal) all
LS Laph 4 pn Slabias @l ladll g LSl i (Penicillium) s sslsiall <l s
LS all o2 Gl Jiians e AY) dadall Gl ae 2 sall o Ll 8 dpcla
A seae bl (e A8 dga gl Clsliaall o3 ol dadi 3 Sl ) jeY1 2 lal
o Wy e il Gpasas SOV s sllindl s Sl il CalianaY)
2sie s e 7l Gutle il il Sl

G paniin 0 3oke & S (Probiotics) 4 sall clatid) ) Wadl 3 L8y jaas
DAl e A fana 520 QL) aall 4SSy ) D A pgae slal o (g gia
(Lactobacillus) oelwl SO L i€ iy pn Cladilel Zaadinil) Zagdal)
gl Jleall Ao et e aclid Y (Bifidobacterium) asosSh sl
Allad 4y 5y peall sl all il 385 4 ) Cilaliaall Caaliaall JleY) aie s deliall 3y 5a
Osldl)l Clgilly (s S elay aanll Gl AaMa palel JilE B el sl
O seal) Ana s 4y peadd) £La¥1 5.3

1))l Galis &gl 55080 e g 5 phd Aily Uil el &gl clall Cid
Dl g e M ezl ) eda ol (el saad) ZLY 5 de) )3 g lady daald dpala)
«Picornaviridae dlle (o (usé o= 4ealldl (Foot and Mouth Disease)

5k g Aaalall 35 il 13ags JEEE ) (HENT, H7NQ) &kl |33 slasyl s ) sulall 5 jan g
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sl ¢y Brucella abortus S LosSill (s (o LS Adall daall e Sldiag
Bl e (LY ladie e GladY) S e 285 Gelal Qe Y5 ey A

) sl 3US 3y jai 8 Ay jeaall L) o sl LY o Ul aaiag (Jilaall
pmd & aie e Y 155 (Rumen) GioSH (8 A seaall elal) caali il il (sl
sobh Anay paleal U lelisads shlinasells bl Jlail) dmaal) dglall Gl
il g 5 e SN (8 (s Sl JASAN 138 3ad AU ) aan Lgadiiing 5 O guad) Lgaaiag
Ay SIS s inall il gl (5 5ind 3 el 5 ySaall 5 Apall il (A gl o L)
elial) ama il ga e ila B Lgie JS @ LD Led S 8 A Sl gl aY) Gl e
Ot g

Gl daia s 4 jeaal) cLa¥I 5.4

D% e Ao )3l dualadl pled Glaad 5o (e das ) Al () jaY) 3
ol ) Jedin Gsin @l ¥ aall ol bl @l jdian e daalil) dalai@y)  plaal)
Erwinia LosS e aalll o Al Al 8 4 Ul dsalll (a pe cdstall 4 <l
Ralstonia solanacearum LS oo aslill pulalladdl oée = 5 camylovora
Al Ul yel ey phadll (il WS 1840 ale 1ail )l delaw 8 ) sy gl )
Jralaa AJ@j G_J\ (Fusarium wilt) ‘t.gj‘)}:\ﬂ‘ Jgdll g ‘éigéql\ bl g JaallS 3aaeia
ALl 5 Gl g il 5 o gaal

oo Weilen s L) e i3e5 e Aol )30 Alls Glead 4 jeaal) L) Q385 (i)
(Plant Growth Promoting <l s 33jme LS il (al Yl
Wil Jaidiiy cdalaial de) )30 3 4 ) w3l sl e Rhizobacteria PGPR)
gusi Al (Trichodermas Bacilluss Pseudomonass Azospirillum =<
LS ya s i pall Clanall 4 leadl ate sl Jalidh g dilaall yealiall i) (yaliaial
(Berendsen et al., 2012, <y yally i il 5 i VIS il gai oo
.pp. 478-486)

el s (Biofilms) 4 sall 4,5eY1 5.5
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Aol b dgaal s 5L s Sall salll JET ST aa (Biofilms) & sl dpe ) Jid
Graili A jeaal) elia¥) (o Aalaia Cilaain Ll & guall 22 V) el | vl L gl) A5
L) an s (EPS) Al g s dsaal) Glad sl (a @ siean iy mhull
de 5o all Apdall 83 e s dal)l cilagslll il 55 B WS (i) mhaal e 4 gl
e oball mif Gl by (Jaaliadl S iy delibal) dldaally @l jhaalls
(Costerton et aeliall il 5 avall (o pall (5l A L) gl 3 il
al., 1999, pp. 1318-1322)

(Planktonic Cells) daiall LAl daglia (o 50 Jlob dasliay 4y 5al) 4082V j0as
elaall Jahy LD o 38 3 (eliall Sleall cileling aedll Jal se g 4y gall Cilaliaall
s 3ol LWL & Jlia 556 10005 10 C sl ey Faglia ST (555 28 (g pual)
coinll il iy celiall Jal WA gai Jame mliai) sleie Jalse sie ) b
yatuadl LA jshis (EPS ddsias e drsall cliliadll sgaadl LY
GV aen (30 65% (o 25 Lo Ay sl 4521 (i a4l (Persister Cells)
Ll Gala Dot LgiadlSa Jany Lo s 5 cdomaall dle I Adag jall 45,50

G oaall Gipeall ol dallae clilee & g pal) Luie Y1 Jaiid (Y Gl
dealy Kb A 4 0l &y gal) Luse V) e Ll dygead 8 By g saal) Slelid)
LY dols g o asfi Dgs Gliada H3R5 LS sl agns Sl G e
A peanll 5Ll e el jeSI 2] b A pan oS Sl Sleliall 5l ] & gual)
i3RI ALl 1l g a6

aiaaal 5 o sa g Sl iy 23 6.1

S A el ela¥) e JelSll ainall Y (Microbiome) asus Ssall mllaas i)
e 3 LSV il pudll il phadll LSl Jadiiy calalay Gl pus o s
LA b 6 30 sk Al S sl 5 38 sl Gl aus b A Sadl LAY
Oo Al S o Jaidy JalSie Ay olas aiids 4 g ghadl IS ) ad Lee ol

s asms Sl desy (Sender et al., 2016, pp. 337-340) Ljeaal) slal)
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Climll sae G Solat e s s S o e 3 e SL I 3,5 il les
> 20,000 50 Aall) 4y,

Sl 2 g5 Saall 6.2

o) al men (e Lgdy 0 Y (Gut Microbiome) s seall asws Sl 3e)
Al agills 5 ety (sl p g g Sadll

Zlil s A0l QLY acar 8 4 grall il s ySuall aelud 1el3a) aliaial 5 auagll .
D55 Al it 5 il s gl 5 @l sl (SCFAS) adusdad) 3 jpuadl) dyiaall alaay)
(Turnbaugh et al., 2006, pp. =My clle odafy gl aall LA Al
.1027-1031)

Y sl s gl 5 4 5B s K il elaal) iy jSun gl 1 ilinalidl) aias .
Ay Lgmgial Glusy) olaliog Y

el e Al Als e G eliadl Sleall UA Q50 0 elial) Sleall sk .
%0 Lae celaa¥) ilys Sae pe atusal) Jelall Juady Zadlill <l 5 Saall 5 il 3] Cilanss
.(Belkaid & Hand, 2014) 4313 delial (il yal jhad cp Jlih5 e liall abisl)

a8y e e Al Gl cliS (Gut-Brain Axis) glels cbaall jsaa e
DAL claa) s Sae pam 8 Y clglully fleall dana ogmall asmsSadl G
G Baie Gl py Gidayy Ay MYl gloall Lo S5 Cuebisall s Guisis puallS dgac
(Cryan & assilly Gllly QYIS il (al ¥y (gonadl asms Sl Gl ol
.Dinan, 2012)

e Sl e 35554l dal 211 6.3

Yhaead sl Al 8Vl Ak e Bavde Jalga (o) agnsSaall S il
Ll g gal) lsloaal) aladiul g il Sl dhelivall Jilie dpagbll delia il

gl cliliadl aladiul Lagiy il dalall clially dpeall @l dlamal)
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O JEby 156l ) wulad AUl lail) 3paien 35 cagmgSeall @ 58 4 Jagale (mliaily
Al Bl anall 4ds )5 (et 38 ST 83 58 " s R Jid g 5 )Sadll

Al FLall 5 3 peadl slal) 7

@sall G e Ay jeaal) clal) L5 7.1

Flall adas & Ly (g eadl GBI S 5 it 3 U psae 1550 denall sl (5235
aal (e (NLO) Jsisll 1usl s (CH,) Qlisalls (COZ) 0ol ansl AU yriad g allal)
8 Al LSOV il LSl ol Lealiil 4y jeaall cla¥) aalad ) dadall <l )
8mS CiliaS il ual) elaal s (Permafrost) duulall 4 yill 5 ciladiinallS 430 53U clind)
(I(PCC, sl 4 g2 e 330 28 Jlaias ,CO (e 1580 28 s 5le s g lnall (1
.2021)

Leaall ela¥) e o iy Ala) el 7.2

Jshaells 3all il o Juad JMA (e By pgaall eba¥) Cladine o ALl pudl) i
A5 Sl Cladinall a8 5 (4 ¥l g2 8 Lae (llaaall 4 gea 5 aliall
o)y dphill Ghial b adal) L oy of ) claall iy Al Ledilag
(i) CAYY L A gine S A gazmal) 30la) (e Aedim LS 5ad allall )Yl
@ DAY 8 Wy sn g ud iy e (33Ul Lehilad 81558 4 seaal) sla¥) i
(Schuur et al., 2015, pp. 171-179) 5_ha 4 e dals

Al Bds g g Sl g 531 7.3

> sholl g il 558 S s Saall ¢ 5511 7.3.1

A o JSI aslsull g sl 8 el SISV 5 SV G3Sa) g pSaall g sl SR
Al ALY 3 Al e Jalaall il il 8 SLias JiY1 5 Ggd JAY) Jlay ail e
b oy il gall Lo 2 g 35 50 S (g0 Gl Laaa 70 say Las 5 Ly el

.(, 2018Bar-On et al) sl mall & s Sl Hsmall aan M (i e s
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ot AR D s el o) ) g 3] s e s Afinll alail Anaay o Saall g gl Jasi
3 ey a sy () as) s o sl (S W A ailda

A el el e o yiliy Al el 7.3.2

Glaliaall 5 &y phall Glanall 3 ALEN alaall § docliall Aibuasl) o) gally Aull &l g2
Jalill adl ol 38 238 Lge 585 (anlii g A3 5 ySaall Cilaaianall dysy D) ) 45 50al)
g sull e &l <l il Ay &yl oda aa A8 daale 31al (Metagenomics)
Al B s Saall g sl (mliadl G asae il pa Caday ) g bl g 4 i) A s Sl
.(Atlas & Hazen, 2011) adiull Léila g5 dae) ) 51 Leialis) aal 55 455141

Gl Adils 8

S o slall gl o geal) B 4 jead) sla¥l o Gl 13a PlA (e ek
Ol Cadi e G Al el miea A Baaaia g Ay gas 150 e aali Cus oy pY)
padati ) Al jealiall 53 sale) s &y umal) S sall Jalad ) ey 2l 5 (g5l
Gty s Giks o 535 4 jeaall slall Helad dall Gl daia ooy alladl FLll
(Falkowski et al., 2008, pp. Gl asall gy QS e 4288 Sy e 55
.1034-1039)

Lii s o)V o daa) asdonll gl Wil oiad s el oaslsall ¢ il o
(Fierer, 2017, pp. sball &yl peind pexi ) s2aial) Al il glly 1855 Uals )
e s Aninal) L) ae Leidlelii g 4y jeaall bl agd of Laall Glay) jeld 579-500)
b malaa) o))l maall s Al pasll dgal gal Uy i manal (5 AY) Lal) ciluill)
Gali olall Baga () AN Y ey AL Lpaxall (il V) ) Al ) g
L) o3 aen 8 U s 1750 4y el £LaY)

ualusil) il A (e dals Ay jeaall el Al jo i@ 8 sl an&ll e a8l e
e Sl gl alea oY) ((Metagenomics) didl A sl s dpaadl i)
Ge 1% e JB O ) sl il S IS8 Gagote sl i e JIn Y LY

Gl e 33 ) Aalall 50 Lee o a8 Ll a5 Lgtie ] ) Couad 38 4y g ySeall ) 53V
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Dnshi G il Slleall Gael agh B aslud 48 jaall 5oadll sda 2w ) L GLESLY
Al e Llaall g deliall g de 30 s calall 8 saa iyl

A )Saall @l e V) et Slals ags Al Leiitha 55 4 eaall slial) e Lalial) Callaiy
sbadl e (8 Al & Al 3 Y1 sl g gl o Lliall cilacdl a8
Lgaall sl 2 allall s dlen g pgd o U0 o jaS S5 aainy ()Yl e
Agle Adiad g ad e Le JSU (5 ol alad) JRE )

Cildual) JUa) g 45) ) gl) 1 AN Eiaall

daaall dadia

A3 )0 e qud Gy s Al Al 4 oy bl s g gad M gladY) oY Jlge A
Bl S any Sha lend) (any 5ud) &) I3l s Sanelil ol andy 13l alall
S ALLY) s culS Sepaaly Gasl e b lasdl e e ) e cland) 8 5 sa) Calisg
el ol el s e Y eOldls L)) elaled) J8 A8 adaig (JLA) aglis Jsinll
B de a cGaally B Ay dlal 191 ) pad @asdly glhal e
.(Genetics)

Sy clemnn Jual) day o3 Lkl oo i celial) Gl e Ol 2 ae Cud &1 )
e 1909 ale & V) Sl ol "o S G (e a2 ey W ki g ) 51 A ) i
8 Gl Gndle die dxlall (8 (5 e OIS L saian G (Gl g aledd S laiall Allad) oy
8Ly Guse e G s o B e Hse Gl e Lol Jie 4S50 ¢
& SN L giall Ll N Y seas S 8 el S5 o gal g (IS8 il 55
pm go cunds caiail) o Geel Al e S GLEK) S IS — QA0 4aY) alhs
Baaa Al 3 pde Ll il

okl Ay alall Ganll Gm O))s sty BN Ao Jol ) Gl 13 ay

(5 Faa L;\ \3}&\4:(:5 ‘L;\J}l\ Jleiy) C'_:Lﬂb Jaia Ol g4 EYSY ‘:\ﬂﬂuy\ e&wu um
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g sillly Gyl daa o Leilelaiy 2 )50 3 jealaal) alaWl WKHiad 5 casiall s il 3ol
(>l

a3 5l ale & duluY) anladl 1

50 o yshan s B0 e iy e 1.1

B sl a5 &)l cliall Al ) sLal) g 52 4 (Genetics) &l ale
sla¥ls (Auoall clall alaS taeie 4 jre Gl ae alall 13 adaliy  dad) )
OS5 L (Griffiths et al., 2015) 4el, s «ahalls «sshill cba¥) ale g skl
ALK il siune A3 8 (5 Sl o) sl aial

Cliall Jas) Ll 4oy sl :(Classical Genetics) oSSl (s siwdll .
o 3UIA 5 Jaie lgmay Al sl sl 385 Juad) e 4815

$L sl Ak 55 Ay e s g5 ,S G  1(Cytogenetics) sl s sl .
A5l lially Ledal )l 5 ¢y slall cilaluay)

A8 50 salall ALl A0l Jixd ((Molecular Genetics) sl ¢ sidl .
(Watson et al., s mabadl Slad & 155k Ualis Y1 3ads cla_juad il
2014)

B gl alal g ) glaall 1 amlia (S

lnas 55 (e S La g a5l 5 Jamll (i) g8 RS DISH A5 ) .

Ao shall Claluti¥ 8 S gl g Dl g 5 5 S Ay 24, 1a) 45 1) .

ol patl) adai s e il el s DNA Caeliat 14 5all 2515 ) .
25l Al 84 8 gl cilallaad) 1.2

Aads 1) R U eallaadl b Sl Clatiud 050 D550 danalil (8 a8l oS Y
o sall ey o e Cilallaiadll oda b pany (U Jsaall s Gl Sy aled) Jucal il o
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&)l ale A p sl clathiaal) 1(1) s
il clhadl clhadl

) A

Agae e 2aad ) A1) 5l salall Al o)) sas Y | Gene Ol

o ms 35 SI) d sall i e aal gl el ALl JKEY) | Allele )
YOl e alasy Lo o) GIST sl S ) | Genotype ) Laadl)

Al 5 o giaall o Jeladll e daalill 3 jalall el | Phenotype g alhall Ll

YAt (V) Al o 41 L asls A1 8 seda | Dominance sabadl
YD el Al il Al 3 Y) QY1 e e eRSesceSS'V(en il
) gl cpall piiUaie i @D Homozygou SO Jileia
s
s
O . . Chromosom
qu\b\y‘_gM\J}”anbw\sb:\ﬂ\M\ e (a}u:}ﬁ}ﬂ\
> O ALl 480 ) ) salll ¢ sene | GENOME psiall
G5l paeall Julus 4 2l s | Mutation 3 ikl
. s s P B Gene . .
O n S Al daslaall Led aa 5 ) doleal) . ) il
Expression

)5l alad dag Hll) slaall 2

A ks o0 Alaa D) oS i rdaie JE L 2.1

O ) el YT e i 3l gaa) iy il g AaDlal) CilS (&) ) ) @ Jaie o of U8
Al bk Coally Glas il slassll (g el g 55 ) ) LY e JaiE clial)
Leallad " g3 () il 5 3 Jal il (IS A sl el eaall ) o838 )5 o)l Jsa
sda calls ol & Y1y Adall gl Y o sl l Gl Laiw caual) slael pea
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Al Capal s coagie LAY aadd o g Algh Ui Leany (El o) )Y
cemioad et JE 3Geh e aulidll o 3l 8 Al

Gl sl ale DBa idaie Hgrgye 2.2

Jrie G gy s sl cal )l 5 al (18635 1856 (sle (o sxiadll 3 yidll
& (Pisum sativum) Y)Wl cls Je s’ @ lad (Gregor Johann Mendel)
Cogbae Al Ll 3 plaie Glbia o Jaie JUR) g (B Legi gwasll o das
dualy ) 48y 4l (305 A5 10,000 (e ST e g S e Ll )5 ppaia e
.(Mendel, 1866) 4y

Jual A eV Catl alall aalisil Jy g padll aiel jua Ll gl 4dile e Jaie el e
daally o, Jilie sl daally o 8 330 &1 (F,) SE daall of s gas Cpagd)
Al Jaie pdi ASulaie dpialy ) 4k e s b dbaaBld) iy B ol cdpaidl)
i e (D B ol Lo il LSl (L) 5al Fpalall Fmanl Al 3 1866 ole
il s iy S JOS b 52 5258 11900 ple aaly o (B (o sliiue slale AU L8k
(Hla i ) 8

)l A Jaie il 8.3

(Law of Segregation) dwadll ¢y 538 :J Y1 ¢ s 3.1

JS )DLV A0 dalgall e B dasy 208 IS G e Jaiad J5Y) (88 paty
e S Jany Cuny (Gametes) zliel) S vie Sladh galaall cpda o 5 dia
Jaili n (Meiosis) 3y aladV) ol cany Joadll 1 i 13aly Sle
.(Griffiths et al., 2015) 4alise LA ) ABLaiall il gas g 9 S

(Monohybrid Cross) gsell sl (gl 1w g Jla

=Y Ol sl QY (@) 5 cta) 55 sl salendl S (A) S

)t p2al) x aa (& aal(P): AA (Y dall

Yl Jial( Aa ) geen 1(Fyp) Js¥1
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Uala ol pad 1iel jia 35 bia 1:2:1 4o (Fy): AA: Aa: aa &4 Jall

el & Gmagd) gl cpagdl (Punnett Square) <l a0 1(2) Jdsa

(ALl
a A
)ora - ialAa ( )i - AaIAA (1A
)t - r=dlaa ( Joma - JialAa (| a

1:2:1 Al daill 5 ) juadl 1 jial3:1 (AUl Al Asgl)

(Law of Independent Assortment) sl a5l 58 ; JE Gl 3.2

(g liaY) (5 55 ie Ailse 5y sy g 588 Adliaall Claall dol e o) Jaiad U (g8 58]
alide o gugas S o aly AT oa L JEl e s Y Game Gpa S Jal G 6l
Oiiba 235 cps o(Dihybrid Cross) Uil ceaedll et JMA e @l Jaie cudil 3

.(Griffiths et al., 2015) LS50 ol faal g iy 8

(Fp) (AU Ouagil) 3 dad giall o) 1(3) Jooa

4y gial) dudl) dad gial) duudl) Alaiaal) Aatal) alasy) s ALY Jaadl)
AABB, AABb, AaBB ;

0 i) ) ) u » ‘
56.25% 9 AaBb (A B ) sl jia
18.75% 3 AADbb, Aabb (A_bb) sae il
18.75% 3 aaBB, aaBb (@aB_) sl jundl
6.25% 1 aabb (aabb) 3as sl

Ll cdilise Clagugas S o sagasall Climdl e V) ol 138 5y ¥ :ddasddll
19:3:3:1 ) e alias iy e Jii (Linked Genes) das jall cilisal)

L st Les Jaie (il 8 393 3.3

Yar 3y seall (558 dage Cleliiin &b i 5 Al Cand Jaie oyl 8 of 28O Sl sl

el ) (e
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) Jaiall i gall) jslati AN A3 s0 a1 alia (S

i gial) A palal ol ) 5 AS i) soled) 5 ALASH e sl e

A o g sy S e e 8 Ciliall iy Jaas aaa) s Y .

Ay 5 AT s S 880 Uis Jaagy 38 i) Jelail .

Al g saawie Gl S (00l y Jhall Jie Apesll ciliall .

DNA (55l Lmaal) sl sald) 4

Sl Sy Ol Al Sty 2 e LY A ) 41

i gl oo Ja ) ol o) dagda Ja i azalall o 8l Cilyise 5i 8 Jaadl (S
sl 2 gy il 6 el 4% 523 1928 ale Cuiy e @l 8 5 al S5l (aaall Al
35lSlay (gl ST il il sSall LS G A1)l laall J8 e 5506 " as
(Avery et al., 1944, pp. s d Gals DNA (o 33l s2a 0 1944 ole 5 Sk
Ji oSl dSi Al G5 1952 ale Gandiiy (o colad Cela &5 137-158)
Go s 1953 ale i Sy (audly & ez gaall Oglall el #3sall Ha5 o
(Watson & Crick, ol s sl s,y leihall Sl Al 2830 0 gal) 5 pall
.1953)

DNA 553 (aeall 45 4.2

and Ay Clhag 0o (DNA) GV g soiad) sl sl paeall S5
nli 3 A (e Leie IS (55 ((Nucleotides) <l sl gl

(Deoxyribose) Jsn S gl S .

(Phosphate Group) <l s 4c saxa .

(Nitrogenous Base) 4z s yisi sacld .

(G) cilsalls «(T) cebills (A) oY) gl sl daa )l (B doia s i) ael @) g g
& G e g o Gith) 0 T oae A el 3ac8 (385 ac ) 8l Jay) 5 (C) ) siwadl
.(Watson & Crick, 1953) cuabuaidl ¢ 3lall ay 55 A4 chayl 5, &2 C
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RNA 5 DNA s 45 8a 1(4) Jsia

-

RNA DNA daldd)
Lo 30k sl 5 A1) 3) 58 )33l 5 L )i S shaall (+ 4alad) 3l 55 (il 4a8 50

BT DS 5 Sl g 5

AU G, C ATGC A g il 2ol il
)lall (o il galal Lyl 7 92 5e Aokl

Ofis ) s is daslaall Jus A1) A laall (43 335 Akl

) el e (151 i) J8l SEay Je DY)

MRNA, tRNA, rRNA,

PN 3 | 43y
MiRNA... Ca it idy gls

A ) yain) e :DNA caclisi 4.3

Oe Ay s LIS Aau sady Lls S Jesd of (Replication) el Ll (o
& «(Helicase) Sl w3l dads (el pd Juatil e ddeal) (g shaii o gl
3o 13 Ul Uyl aile ns QllS Loy pd JS 36l B e 5)nad s DNA a3 dony
A il LA Ja Cacliaill de yu ils (Alberts et al., 2015) AllSial) #1539 sacls
1000 ! (E. coli) ostall LoiSy Gy (& Jaal Loty 400N 8 135 0S50 5O s
DNA 55l paaal) dislal Jal e 1 alia JSd

Ol (o 8l iS5 o 93 all s 3ladl Saligll a3 Sy .

Alal sia sy seay aleY) oy i) ) jeead s DNA .

Lo Joagi o (SIS kot A o alia) byl e

A ALy a8 e lagie JS (5 5inn cola g2 e Gl s iy .

A1l A1) gl g e g 505 KI5

A8l )l Balall Cagh ) 1 la s ga 5 S5
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AR AN Al 85 8 B g sall Apladll JSLEY & (Chromosomes) <ibe sus se 5 SU
bt Qi mith ) e JSa 8 (Histones) osiwed) clisis p Jsa Caila DNA (e
e yhad 5 slaty W sl ss Jahy — (pe sad g pdall sl b ad gha aly (o3 — Jy5hall DNA
Lawa 550 22:155) 23 (& Lasusas S 46 mladl gl dasy (Gl e Sae dauiay
) (Nussbaum et al., LSl XY« XX( Luia 135 B 555 (Autosomes)

2016)

o FAY) aludi) g (5 gleacial) aludiN) 4S5 UBaD) 1(5) Jgan

(Meiosis) 58y aludiy) g ghuiial) plodd) Loalal)
eiosis) (B - . ,
- i (Mitosis)
Jass 2Ll aazd) dle avall LA Gsaall plla
obltite jlalua) 2 5 alusi) Gleluadiyl aae
WA @j olls Al LA sae
. G lessas Sl s
(n) 28 (2n) zs2 e il
R A< > Sy ¢ gaill
s sl 0 a5 Al L) 5 A e s ks
- iU
Yol @sill s Hsaall sue (GG e g i) o ¢ it sl & il
A5 3ol Caas dallaie AV ae Ayl Al

ol ddasi yall 431,511 5.2
hiji cliall gas ol 1910-1915 om 3 B glose Cia e al|
LSl 4L e ailladle A (e ((Sex-Linked Traits) dsiall cla g sa 5 SI
Adline 48 ylay &5 AL (e o8l O Ole s il (Drosophila melanogaster)
pseial Al Gl M5 X s gas SI e aly die Jpeall cpall G (Y15 S o
1933 ple disis3la Ao dean s ((X-linked Inheritance) osiall ddag yall &, 5l

.(Morgan, 1915)
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«(Color Blindness) st (ae :X o s 9a 5 S Adai pal) 45 i) Gl e¥) 50l (e
(Duchenne Muscular s @izl ) saa s cHemophilia A) ) A Llé saell
2ol Y a5 3 Sy e Ay ) SH) () ) oda sl Dystrophy)
S X a5 S el Al Y zUad e ol selal ansll X asmigas S e

Gl Clail legdlS e o e I

ouiadly Aot jall 450 55l (i ¥ 30 1(6) Jsa

A ) L) e ) & me:j;; p ’;jﬁ: PR

el el pie sSA (. 8% N - ¥ ol Y] e
aally 24 0.5% BRAN

adl S5 planl | $35,000 IS e 1| X A Ui sasel
N liae Gana | K33,500 K owl | X bl Gl gy ) gana

Slie saliy slacyl 3Gl 100,000 0 e 1| X P
poinll il i iy e | 500 S el )RS AL T e

XXY
la il s dial) il jikall .6
Ll sisa 5 5 yakall o 5ede 6.1
skl 8 A8 (o 55l (meall (g5 IS oill Juludll 3 Wiy eed (Mutation) s ikl
als e Al Gl e Gy i ga bl a5 a6l ol sulaa sl Bk

el sinse 3d g <l jahall Calad (g Al

Lgilial g dpial) <l jdkal) ciyiati 3(7) Jota

Jia chagh | g giunal 5 ikl £ ¢
. L . (Point 4t 5 ik

HbS) Al Al . 3aa) g sacld yuad ) ) ]
(HbS) ¢ P o= ? I Mutation)

Geea gl bl Caia | s

Cri-du-chat 4« )3« :
P sas S P

(Deletion) s
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Jlia

O e aere U.A!)A :\J\L;\

el g sl ) (s
(Philadelphia Chr)

(Trisomy 21) @) 4 yNia

ciuagll | (g giaall 58kl £ &8
STl pac 8 dal) TN (Insertion) /.1
‘o sy elSal
e . . .
> e | (Inversion) oS
o505 S
psusas S e e JB . Juas)
AY e (Translocation)
e e guisas S el . (Non- Juadil aae
U gnie e disjunction)

L5 ml el BDle 5 il ikl 6.2

st o A5 65 3 G 10,000 On Sl ol By ) 30150 Gl a8

daal) slel) Lo

Al sall (10 2-3%

2l 5all (1 0.5-0.7%
LaJall ) Y1 (00 60%
<ld g (e 20-30%
=

t_,ﬂ\t._w;&juﬁ

Al

Lalle 4381 61l ol pa¥) 4sar] slaa) 1(8) Js

g.dl.d‘ sl
u=a» ~10,000
b ~400

Aa=ll 3adsa P

2l sall (0 ~3%

K 0« ~5-10%
cblda yul)

-

444l
(Monogenic) ) sl cpall Gl3 Gl yaY)
(Chromosomal) dssall al saY)

(Polygenic) ciluall sassia (il jaY)

A g oall il ekl culd cbia )

2023( OMIM iy 522t 5 (WHO, 2022) daallall dauall dakiia : jaadll
Ol () ol (e sl puadll U7

s » DNA — RNA —dalaldll dus @) 7.1

" (Central sl eba¥) alal (538 jall Tl slaud L 1958 ale el S Lussil 8 §la
ot Agial) A glaall ads ol Julusl) Sla o3 <Dogma of Molecular Biology)
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& «(Transcription) &l dee & (MRNA) Js=l RNA ) DNA (< 4 glaal)
idee (b ool R Al aleal Julis Y MRNA & & geadll Lasladll aa i
.(Translation Crick, 1970, pp. 561-563) 4xx il

il paetll o 38 pal) fagal) 1 anlia JSG
DNA (e 330 43 =34 DNA 1Caelizill .

3153 Jals MRNA Y DNA oo ebedl Jiis sl o

ol elad MRNA psmsm V1 dea Al o

Ayl il s il 8 DNA ) RNA (o (onSall asill i g jna eliial .

shall o sald 145 5l 5,880 7.2

b DI € gl Judoss G A8all aa oA WUaill & (Genetic Code) 4l 3l
A Clas g (& MRNA Sl sl o 1 o sl (8 LunaY) paleal) Judid s MRNA
Sl el 22 gl day )l s il 2ol e S Wl ((Codons) < el Y e
(Nirenberg & Matthaei , ki Gl Laes 20 3 5355 63005 43 = 64 s aSadl)
ol ¢l «(Degeneracy) i) duals 43050 5 0all ad (il 18 1961)

Bl (e )AST 2l JA\}M u_\..g.ai)!\ ua.o;ﬂ

48 gl 3R (ailad 1(9) Jsa

- -

dsaay _eadl) dualal)

-

Al LS JS 5 adl) s

) Ja¥l 3 &
LQJJLJJ‘A c.ﬁ;}‘;sti: dgh 1_\._.\‘)33

(Universal) &ulle

Adlall @l yalall il Candas ‘?\:}Ay\ Uaaall (it 3 3l e S (Degenerate) 4>l

(Non- 4dalyie yne

led Gl Y a9 3¢ j8 Jala 50 abilly <l el T8 _
overlapping)

2 ga (ye 48 3l yall U 158 ¢
fa e (e 4By 2aae wﬂﬂj | A s sl 3255 Y daal 58 (5
Al (Commaless)
dg gl dlulull 4l am s UAA, UAG, UGA alay) &l el
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- -

iy i) daldl)
3e) ) jUa) 5 Aol ddads aaad Yo sl AUG ( el 3 3l

oSy Gl il ale cliall o)y L 8

sl iall il 4 seie 8.1

e Glaeil Jalall palld A8 JS 5 iy S 8 Ledi o lial) maes ol Y
& Jams Onsle saed) e Jpmall aalls dae (0 ab Sl LA 8 Jeny 0ol sadY)
Gis s2mie WL (Gene Expression) sl susill e elau o) paadl iy <)
mbill clitg e Fudl ed (B WSadll cdediy Al gl ARl clalial
3 RNA J e clinll =y @lSu)y (Transcription  Factors)
(Chromatin Remodeling) (Alberts et it s SN JiSi5 daa=i 5 ¢(microRNA)
.al., 2015)

Gliall (348 4ual) Addall 1 Siiiaan) Ble 8.2

oon Bl (SIS saill § p e Gass (Epigenetics) oS! ale K&
.(Bird, 2007, pp. 396-398) <¥lall (yaxy & Jua¥l g a5l LAY G &) 5
A ) SUY) ol (e

258 ) (-CH3) Jiise 4o saas Ailal :DNA (DNA Methylation) alie e
Sale 4] Caleadll Cpaldl Cuaal Laa el siuadl

e 5l il Gl sane ddlz) :(Histone Modifications) osiesedl s o
ool Cpile s KU ALE i Laa ¢ sinnel) Cilidi s ) Cilin g

«miRNA Ji5 IncRNA ' Jis :(Non-coding RNA) a4l e RNA .
uiail) Aall dadats |5l sof caali
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B Ay Glaay o 5 Al Slslall (i el i) igills sl of s
Jea¥) e ASdsaa) Dl G Lo Al Jwed &g

W et e e avear

.(Transgenerational Epigenetic Inheritance Bird, 2007, pp. 396-398(
skl Bl A4 )4 9
DALl s las Ja 9.1
lse) LaaDIS 5 clguads d@all 0 g)la HILE s Jaie sra e Gile e 4ag U 4l e
sEEVL skl Al aay gl da UGS Lah oF LegiST lall il e Ay Aakady
ek o 050 ldual) JEsl () 8 CadS Jaiay ccliiall Jiis ol agdy o 50 bl
N Gle oyl oAl Sl )l & (Modern Synthesis) eSl cad sill ela ) shailly
oshil) A ki i) 15 ale et pid Allig s Sadlansd Gusmsd sl Jhal slale
.(Dobzhansky, 1937) <lulaia 22 se jUa] & A5
Claainall o8 Glall 480l 4ulSull 41,61 9.2
(Hardy- ¢ il s-sa)n law e (Population Genetics) 4siSadl &)l aaixs
e uS( e aaine Bl o34l camy 3 Weinberg Principle)
Gl i aysl AN Adteadl Taall 138 aad )elaml o sjma 5 ik Szl 5l
-y

p>+2pq+g*=1
2pq <(AA) vl Jilkia 2 52 =p adial) BRI q «xtadl S aa 5 p =lus
(aa) giie Jilaia 23 53 (2 = ¢(AQ) Gl 2255 =
10 2 = 1/10,000Qq e (Sos o e 328 OIS 1) 2 Anki Jba

g = 1/100 = 0.01

p=1-q=0.99
Sl e (2p0) = 2 % 0.99 x 0.01 = 1.98% (ol B el A
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Sl A Ladial) 438 ) gl ) pa¥) cilaa 5 Ao dliaf 1(10) Jgsa

(2pq) calelall | (g7) kel 2350 Y vl
~4% 1/2,500 BEBIER] Sl o)
~8% 1/625 sl yaaall (o gin 48 )14 (Slaidl ol
~2% 1/10,000 Ospsosl | (PKU) Wos 05 Jad
~5.3% 1/3,600 3 sel SUSEY) oSl (515 (a5
~1.1% 1/30,000 ale Osmdiy gy

sl g 53l 5 &1, 50110

AU Cle sanall g 5l Al (1l 10.1

saa) gl AlSd) de senall (e A Y G sl g sl Of Aaal) A siad) ol all cadis
"Gl aseiad s el ol 2 Lae dilia) LS Gile sanall G i) g gl (35
(Lewontin, 1972; (Rosenberg et al., 2002, pp. S2S o gl ol
G oo A 0,195 e siin (10 99.9% & < jidh elasa dulusy) 2381-2385)
ol _aY) Gand a5 gl s il Alall o5l & adaa U (sl (g al ol (R

gl Aad) g oiil) auiel 1(11) Jy

) bl A 48l (5 gina

Gl Jlea) e ~85-90% sas) 5l AlSll de sanall o AT 0
~5-8% 3as) ol 35l ea ASL) Cile ganall u
~10-15% Aaliall <l G
99.9% STV P PUWRRETEN [PV i [ W

Siliall saaaie Clacall s SN &l 11
58l Gl sl Jshalls — cllly ol saalls Glasy) 8 dpaal JSY) cliall e S
Cliall clie ol @ jde aSal Uy daguy Jaie Jaas 38 JE0 Y — aall oz ¢\SA

28 ¢ 554 (Quantitative Traits) xSl Glially cojmy Lo A nll gay n Jelis
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13a) Lt ) il il Jaagy Lae Yoaoall inie( Gapds Gy ) & claal)

.(Falconer & (Mackay, 1996) U ¥ Gilaa)
4l sa 5 (Heritability - h2) <y all LAY o sede 4]l Glaall Jilas 4 aadiug
YO (o Cuosll BLEN a8 # )3l ol ) b A s oallal) ol 4 i)
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Agbany) 4alill (a5 .pp. 198-203)

el (5 s e Ba gy il l) cilie &1 da gia iy o gl e .

g s b (3 10 e ST dpadlall e gisal) clilyl) se) @ ) cilal .

OV (Gia lai¥) o sis B (SNPS) (s il O sale 68 LSl NGS I sl .

46



hisall dene aula el an | Al s sl o slall JalSS

CRISPR-Cas9 4 » siall 253

9CRISPR-Cas slai ciulasi oo il jld Jigilag) 5 Uasy Jida cuile] 2012 ale 8
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ol S alariaWl p iy il el A e e Dbl GLEKY dediall daesiall
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Abstract

This chapter presents microbiology and genetics through three
connected pathways: microorganisms and their roles in environment
and life, inheritance and transmission of characteristics, and
scientific applications of the two fields. It introduces microbial
groups, characteristics, and methods of study, considering the
environments they occupy and their relationships with other
organisms. Beneficial and harmful activities are discussed alongside
their contributions to environmental and biological processes.

The genetics pathway examines genetic material, genes,
chromosomes, cell division, and inheritance, followed by molecular
concepts concerning replication, expression, and change of
information. Explanatory principles are linked with examples to show
how genetics contributes to understanding diversity, variation, and
biological function. Diagrams and tables clarify structures, stages,
and relationships that are difficult to convey through verbal
description alone.

Applications include diagnosis, biotechnology, agriculture, industry,
and environmental management, together with techniques for
identifying or using microorganisms and genetic material. The
chapter also discusses safety, responsibility, and limits of
application, retaining the need for controlled procedures and
verification. Its conclusion emphasizes the value of combining
microbiological and genetic understanding when interpreting living
processes and developing applications. The contribution is an
extended educational treatment that maintains the progression of
concepts, details, illustrations, and references. It does not attribute
all described uses to a single experiment or present them
collectively as new results generated within the chapter.
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Section I: Microbiology and Its Role in Environment and
Life

Section Il: Genetics and Inheritance

Section lll: Scientific Applications of Microbiology and
Genetics

Section |

Microbiology and Its Role in Environment and Life

Introduction to Microbiology

1. Definition and Scope
2. Historical Development
3. Classification of Microorganisms

4. Modern Taxonomy

Microbiology is a part of the biological sciences that focuses on the
study of microorganisms, living organisms and acellular biological
elements that are not visible to the naked eye. They include
bacteria, archaea, fungi, protozoa, microscopic algae and viruses.
While microorganisms are very tiny, they are the largest reservoir of
biological diversity on earth and crucially important to the structure
and function of all systems of life (Alberts et al., 2022). In recent

years molecular biology, genomics and high throughput sequencing
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have revolutionized the study of microbiology making it a multi-
disciplinary and integrative study of genetics, bioinformatics,
ecology, medicine, biotechnology and systems biology. Microbiology
is more than just infectious diseases. Modern Microbiology is the
study of the structure, physiology, metabolism, genetics, evolution
and ecological interactions of microorganisms in various
environments. They are found in virtually all habitats on earth
ranging from soil, fresh water, marine life, desert, glaciers and deep-
sea hydrothermal vents to highly acidic, alkaline, radioactive and
high-pressure environments. Their extraordinary metabolic diversity
allows them to thrive in environments that are inhospitable to most
complex life forms, making them very adaptable to evolution (Brock

et al., 2024).

Biological processes are at the heart of many ecological roles that
microorganisms carry out to help maintain biogeochemical cycles
such as carbon, nitrogen, sulfur, phosphorous, and other elemental
cycles. They control nutrient availability, soil fertility, atmospheric
composition and terrestrial and aquatic ecosystem production
through these processes. Numerous microorganisms form beneficial
relationships with plants and animals, which include improved
nutrient uptake, improved growth, and increased resistance to
environmental stress and pathogens. The Human Microbiome is a
new frontier in understanding human health or disease, as it plays a
significant role in the development of the immune system,

metabolism, neurological function and disease susceptibility.
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Microbiology has found many new applications due to the new
molecular technologies which have developed very quickly. The
development of whole genome sequencing, metagenomics,
transcriptomics, proteomics, metabolomics, and single cell analysis
have led to an investigation of uncultivated microorganisms and to
the characterization of entire microbial communities directly from
environmental samples. The application of Al and machine learning
to microbiological research has grown in relevance to analyze vast
biological data, forecast interactions between microbes, uncover

antimicrobial resistance, and speed pathogen monitoring.

Nowadays, microbiology has become a key discipline of many
scientific fields such as clinical medicine, pharmaceutical research,
environmental sciences, agriculture, food sciences, industrial
biotechnology, synthetic biology and precision medicine. The
identification of novel microorganisms, metabolic pathways, and
genetic mechanisms is changing our view of life and offering new
sources to address global problems like new infectious diseases,
antimicrobial resistance, climate change, food security, and
sustainable bioeconomy (Chowdhury et al., 2024). For this reason,
microbiology is one of the most rapidly changing and dynamic areas

of modern biological science.

Classification of Microorganisms

Microorganisms are classified in a systematic manner based on their

common structural, physiological, biochemical, genetic and
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evolutionary properties that enable the classification of the
enormous variety of microorganisms. Microbial classification is one
of the essential tools in microbiology that has many applications
including identification of microorganisms, prediction  of
microorganisms' biological properties and improvement of
communication between microbiologists, clinicians and
biotechnologists. The recent developments in molecular biology and
genomics have revolutionized the classification of microorganisms
from morphology to an all-round classification system incorporating
phenotypic and genotypic data. There are two types of
microorganisms — cellular and acellular. Cellular microorganisms are
members of the domains Bacteria, Archaea and some microbial
eukaryotes, while acellular microorganisms are mainly composed of
viruses, viroids and prions. Bacteria are prokaryotic organisms
which are unicellular, lacking organelles and a membrane-bound
nucleus. They are very polymorphous: cocci, bacilli, spirilla, vibrios
and filamentous forms. They generally have peptidoglycan in their
cell walls, a unique structure that is also an important taxonomic
characteristic. Bacteria are found in most habitats and carry out a
variety of vital roles in nitrogen fixation, degradation, industrial
fermentation and symbiosis within the host.

Archae are prokaryotic microorganisms that are different from
bacteria with respect to their membrane lipids, cell wall structure,
ribosomal RNA sequences, and gene expression mechanisms. Most

of the species of archaeans are found in extreme conditions, such
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as high temperature, salinity, acidity or pressure but many
representatives also live in moderate environments, such as oceans,
soils, and the gastrointestinal tract of humans (Brown et al., 2023).
They have distinct metabolic pathways, which play a significant role
in global cycling of carbon and methane. Examples of microbial
eukaryotes include fungi, protozoa and microscopic algae. Fungi are
more complex, multicellular organisms that are also unicellular
yeasts, and are important decomposers in the environment, as well
as in food production, pharmaceuticals, and biotechnology. Protozoa
are mostly unicells with varied locomotion, nutrition and reproduction
mechanisms. Malaria, amoebiasis and leishmaniasis are diseases
caused by several protozoan species that are important pathogenic
species. Aquatic (microscopic) algae are photosynthetic eukaryotes,
which are primary producers in aquatic ecosystems, and play a
significant role in the production of oxygen and the fixation of carbon
on a global scale. A virus is a unique life form, consisting of a
nucleic acid surrounded by a protein capsid, some of which also
have a lipid envelope. The virus is smaller and has no metabolism
and cannot replicate without the help of living host cells. They have
unigue and high genetic diversity and are able to evolve very
quickly, making them significant agents of ecology, medicine,
agriculture and biotechnology. Other noncellular infectious agents
are viroids, small circular RNA viruses that infect plants, and prions,
infectious proteins that are related to a collection of

neurodegenerative diseases. Figure (15-1).

65



VP WG [ FEIE PR R

LASSIFICATION OF MICROORGANISMS

A systematic framework for organizing the immense diversity of microscopic life based on
shared structural, physiological, biochemical, genetic, and evolutionary characteristics.

TWO MAJOR GROUPS

1. CELLULAR MICROORGANISMS
Living cells with compiex organization

2. ACELLULAR MICROORGANISMS

Da not possess cellular structure,
roquire host for replication

{

A BACTERIA

13

B. ARCHAEA

3

C. MICROBIAL EUXARYOTES

A. VIRUSES
Domain: Bacteria Domain: Archaea Domain: Eukarya S
(Prokaryotes) (Prokaryotes) [Microscopic eukaryotes) » Nucleic acid (DNA or RNA)
Unicellular enclosed in a protein capsid
9 Lo + Distinct from bacteris in A .ld
* No membrane-bound membrane §pids, cell wall, ey lJ ._. pd-n po“_
nucleus or arganelfies rRNA sequences and gene « Yeasts (uniceliular)
+ Coll wall contains expression mechanizms « Moids (multicellular) ’
peatidoglycan * Many are extremophiles

Maorphological Feems

Examples of Habltats

T Y

& v s ;)\ o DO vl

% 747

&Iy High satiney + Diverse locomation
6 Acidic and nutrition '
N "j) LN 8. VIROIDS
Spirila  Vibrios A o Microscopic Algae * m‘:"":’ I olacon
* Soés & oceons + Photosynthetic eukaryctes
d% = » Primary precacens in Rl oorisboc
Flamentous [ Human gut acuatic ecosystems @ '
Found , S:gmﬂr.ann Roles & Significance Roles & Sgaicence C. PRIONS
* For = all envegnments + Decomposers 3
[ ) : « Unigue mezabobic pathways 3 Infecticus proteins
Nutrientt cycling Food, pharmaceuticals 3 iuted with
D o * Important in carbon & biotechnoiogy Asseci
. and methane cycling neurodegenerative
* Indutrial fermeraticn * Pathogent [some protozoa) Gseases
2 o + Oxygen production &
Symibicsis & pathegenesia b
ECOLOGICAL & FUNCTIONAL CLASSIFICATION
Based on Oxygen Mutritional Strategy Energy Sowrce Temperature Preforence Salinity Tolerance pH Praference
Requirernent
s~ O o o y :( « Fsycrvophites fcold loving) -2
| NN :
Q 01 ? g 0"00 J ) * Mesophiles (moderatn) Wt(/"
y o Thermophies Mheat Joving)
+ Aeroblc « Autotrophe o Hyperthermophiles ¢ Mon-balophites « Acidnphiles flow pM)
« Anserobic 100, ax carbrom sourcn) (Light as energy} {extrome hoat) * Halotelotant

. F - H » Chemotrophs « Moderme halophies s
* Nialphiies frigh pH|

(Cvganic carbon sowrce) * Extreme falophiles

IMPORTANCE

@ Kentification of ceganisma

* Momerophiic (Chermical compaundsy

MODERN APPROACHES IN CLASSIFICATION

') Predicton of propertios

LI, Enhances communication

Q Suppoets research, medicing,
biotechnology & industey

“ Microbial classification is a dynamic and evolving field that integrates phenaotypic, genotypic
],4/ and ecological data to reflect the true diversity and evolutionary relationships of microorganisms.

Figure (15-1): Classification of microorganisms.

Ecological function and metabolic ability are also included in modern

microbial classification. Microorganisms can be classified based on
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their oxygen requirement (aerobic, anaerobic, facultative anaerobic,
microaerophilic), dependence for energy source (phototrophs,
chemotrophs), temperature preference (psychrophiles, mesophiles,
thermophiles, hyperthermophiles),  dependence on  salty
environment (halophiles), and dependence on pH (acidophiles,
alkaliphiles). These functional classes are especially useful in
environmental microbiology, biotechnology industries, and medical
diagnostics. Advances in high throughput sequencing, comparative
genomics and metagenomics in recent years have uncovered an
unprecedented diversity of microorganisms that cannot be cultivated
in the laboratory, resulting in the discovery of many new bacterial
and archaeal lineages. Therefore, microbial classification is an
evolving field, and the classification of microorganisms has been
continually updated to include the most recent genome evidence
that matches the evolutionary relationships between microorganisms

(Karp, 2009).

Modern Taxonomy

Microbial taxonomy is an interdisciplinary scientific method for
recognizing, naming and categorizing microorganisms based on
their evolutionary relations, by means of phenotypic, molecular
genetics, genomics and bioinformatics. While the traditional
taxonomy was based mainly on cell morphology, staining properties,
metabolic activity and biochemical tests, the current taxonomy is

based on genome based approaches that reflect the microbial
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diversity and evolutionary history much more accurately. Next
generation sequencing technologies have transformed the microbial
systematics by providing detailed genomic comparisons of
thousands of microbial species. The three-domain system, which
recognizes Bacteria, Archaea and Eukarya as evolutionary lineages,
is the basis of modern taxonomy (Eslami et al., 2025). The
classification, along with comparative analyses of sequences of the
genes for rRNA, revolutionised the understanding of microbial
evolution, revealing that the archaea are a separate domain and
closer to eukaryotes than to bacteria. Phylogenetic analysis is still
one of the strongest methods for elucidating evolutionary
relationships today among microorganisms. The modern taxonomy
of microbes is based on genome sequencing. Whole genome
analysis enables analysis of entire genetic repertoire, providing
much greater taxonomic resolution than single gene-based analysis.
Recently, Average Nucleotide Identity (ANI), digital DNA-DNA
hybridization (dDDH), Average Amino Acid Identity (AAl) and
phylogenomic analyses are increasingly used for the definition of
microbial species and higher taxonomic ranks. Traditional methods
of DNA hybridization are replaced by these genome-based criteria,
as they are more reproducible, accurate and easily available (Oday

et al., 2025).

In the past, novel microbial taxa have been described using the
polyphasic taxonomy approach. This integrated approach integrates

phenotypic characteristics, chemotaxonomic markers, ecological
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information, physiological properties, molecular phylogeny and
whole genome sequencing data. This extensive evaluation provides
a classification that reflects both the observable biological
characteristics and evolutionary relationships. Polyphasic taxonomy
has gained additional significance in the description of
micromorphogens in the environment, where there is little
morphological variation but a significant genomic variation. Microbial
taxonomy is undergoing a transformation with the ever increasing
use of metagenomics for identification of microorganisms straight
from the environment without the need for laboratory cultivation.
However, most microorganisms cannot be cultured using traditional
methods, and new microorganisms have been discovered by
metagenomic sequencing, which has greatly added to the scope of
the microbial tree of life. Single-cell genomics also complements
metagenomics as it allows detailed characterization of previously
unknown microbial lineages by genome reconstruction of individual

uncultured cells.

In the field of microbial taxonomy, the use of artificial intelligence
and advanced bioinformatics has become more and more
prominent. Machine learning algorithms support genome annotation,
phylogenetic reconstruction, automated species identification and
prediction of microbial functions from genomic data. As new
microbial genomes are sequenced, new classifications are added to
the databases on the cloud and can be updated in near real time.

Beyond classification, modern taxonomy is used for a myriad of
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applications such as medicine, agriculture, biotechnology,
environmental monitoring and public health. Microbiological
identification allows speedy diagnosis of infectious diseases,
tracking of emerging pathogens, tracking of antimicrobial resistance,
optimizing industrial microbial processes, and conserving microbial
biodiversity. With the further development of sequencing technology
and computational biology, microbial taxonomy is anticipated to
become more genome-centric, data-based, and evolution-oriented,
offering more and more complete insights into microbial diversity in

Earth's ecosystems (Vilhekar & Rawekar, 2024).

Microbial Cell Structure
1. Prokaryotic Cells

2. Eukaryotic Microorganisms
3. Viruses and Viroids

4, Archaea

Prokaryotic Cells

Prokaryotic cells are the most primitive and simple in the world,
found in organisms of the domains Bacteria and Archaea. A
prokaryote does not have a membrane enclosed nucleus and
membrane enclosed organelles. Their genetic material is generally
situated in a nucleoid region, and is usually arranged in a single
circle of DNA, but many species also possess plasmids carrying

accessory genes that are related to antibiotic resistance, virulence,
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or some other specialized metabolic function. Prokaryotes are
extremely metabolically diverse and ecologically adaptable, although
they are relatively simple in their cellular organization. In
prokaryotes, the cell envelope is made up of the plasma membrane
and for most bacteria, a tough cell wall that gives the cell its shape
and protects against osmotic stress. Peptidoglycan is a component
of the bacterial cell wall and is used to divide the bacteria into Gram-
positive and Gram-negative. Other external structures like capsules,
pili, fimbriae and flagella are also involved in adhesion, moaotility,
biofilm formation and host colonization. Prokaryotic ribosomes (70S)
are efficient in the synthesis of protein and the cytoplasm contains
enzymes for various metabolic pathways. In recent years, genomic
and proteomic analyses have identified that prokaryotes, as well,
have very complex mechanisms for rapid responses to
environmental changes. Transformation, conjugation, and
transduction enable microorganisms to adapt their genes quickly
and add to their evolution. The ability of bacteria to communicate via
guorum sensing, are also relevant to the formation of biofilms, the
virulence of bacteria and their symbiotic relationship. Today,
prokaryotic cells are known to be highly dynamic organisms with
essential roles in biotechnology, medicine, biogeochemical cycling
of the global environment and ecosystem functioning (Huang & Sun,

2026).

Eukaryotic Microorganisms
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Eukaryotic microorganisms are a diverse group of microscopic
organisms, having a membrane-bound nucleus as well as special
intracellular organelles. This group is made up mainly of fungi,
protozoa and microalgae which are more structurally complex than
prokaryotic organisms. They are also organized into compartments
at the cellular level allowing for highly regulated metabolic activities
and very complex growth, differentiation and environmental
adaptation = mechanisms.  Eukaryotic  microorganisms  are
characterized by having the nucleus with several linear
chromosomes surrounded by a nuclear membrane. Specialized
cellular structures (organelles) like mitochondria, endoplasmic
reticulum, Golgi apparatus, lysosomes, vacuoles, and chloroplasts
(only in photosynthetic algae) increase the efficiency of metabolism.
They attach to one another with proteins produced by their
ribosomes (80S), and have an extensive cytoskeleton that helps the
cells to keep their shape, move around, and to transport materials
between different parts of the cell. The fungi consist of unicellular
yeasts and multicellular filamentous molds which are important
decomposers, industrial microorganisms, and opportunistic
pathogens. Protozoa are mainly unicellular, heterotrophs, and move
actively by means of flagella, cilia or pseudopodia, and some
species cause important human diseases. Phytoplankton are
microscopic photosynthetic organisms that make a significant
contribution to the world's primary productivity, oxygen production,

and carbon fixation in water bodies. Recent genomic research has
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shown that microbial eukaryotes are extremely diverse, and that
they have evolved complex relationships with one another (and with
other life forms), and that there is a huge amount of genetic
variation. There are continued advances in understanding
transcriptomics, metabolomics and single cell sequencing that are
revealing novel cellular mechanisms that underlie stress adaptation,
host interactions and environmental resilience. These findings have
broadened their medical, agricultural, environmental
biotechnological, renewable energy, and synthetic biology

applications with eukaryotes (Yap et al., 2026).

Viruses and Viroids

Viruses and viroids are acellular infectious agents which are very
different from cellular microorganisms in structure and biological
function. Viruses are composed of either DNA or RNA enclosed in a
protein capsid and some have an additional lipid envelope from the
host cell membrane. The viruses are also obligate intracellular
parasites that depend solely on host cell metabolic enzymes and
ribosome for reproduction, as they do not possess ribosomes,
metabolic enzymes, or energy generating system. The diversity of
viruses is huge and includes viruses of bacteria, archaeal viruses,
plant viruses, animal viruses, and pathogens of human beings.
These replicate in the following fashion: attachment, entry, genome
replication, assembly, and release of progeny virions. Viral

populations are highly mutable, with especially high mutation rates
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in RNA viruses, which allows for the ability to adapt to new hosts
and the emergence of new infectious diseases (Nichkoohi & Moradi,
2026). A number of recent developments in structural biology and
cryo-electron microscopy have significantly contributed to the
understanding of viral structure and virus-host interactions. Viroids
are the smallest known infectious agents consisting of short circular,
single-stranded RNA molecule without a protein coat. They cause
severe diseases in plants by interfering with the regulation of normal
genes, and usually infect plants. Viroids differ from viruses because
they lack a protein component, and they replicate by using host RNA
polymerases and by a unique rolling-circle mechanism. Figure (15-
2).
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Figure (15-2): Structure of Viruses and Viroids.
Today, the understanding of viruses and viroids is broadened and

extended beyond their pathogenic aspects by modern molecular
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biology. Viral vectors are increasingly used in the fields of cancer
immunotherapy, genome editing, vaccine development, and gene
therapy. Reverse transcriptase and CRISPR-associated proteins are
essential tools in molecular biology. These advances demonstrate
that viruses and viroids are more than just infectious agents, but
useful biological systems essential in biotechnology, genomics and

biomedical research (Doudna & Charpentier, 2014).

Microbial Metabolism
1. Energy Production

2. Carbon and Nitrogen Metabolism
3. Bioenergetics

4. Microbial Growth Factors

Energy Production

Production of energy is a basic process in the metabolism of
microorganisms that allows them to maintain their cellular activities,
grow and reproduce, and adjust to the changing environments.
Microorganisms have an amazing metabolic diversity, which enables
them to use and convert a much wider variety of energy sources
than can most multi-cellular organisms. Energy is stored mainly in
the form of adenosine triphosphate (ATP) that is used for
biosynthetic reactions, active transport, motility and maintenance of
the cell. There are three main ways in which microbes generate

energy: respiration, fermentation and photosynthesis. In aerobic
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respiration, microorganisms use oxygen as the final electron
acceptor in the electron transport chain to generate ATP with high
energy efficiency by oxidative phosphorylation. Anaerobic
respiration uses alternative electron acceptors like nitrate, sulfate,
ferric iron, or carbon dioxide to help microbes survive when oxygen
is absent. Fermentation is another ATP generating process that
involves the use of organic compounds as electron donors and/or
acceptors. Fermentation is not as effective as respiration, but can
help microbial growth under anaerobic conditions, and is important
in the food industry and industrial biotechnology. Photosynthetic
microorganisms like cyanobacteria and microalgae produce
chemical energy from the sun's energy via oxygenic or anoxygenic
photosynthesis. They play an important role in carbon fixation and
oxygen production, as well as in the aquatic food webs, worldwide.
New microbial pathways for energy harvesting from inorganic
compounds like hydrogen, sulfur, ammonia, methane, and iron have
also recently been identified, showcasing the metabolic versatility of
microorganisms. Recent developments in genomics, metabolomics
and systems biology have increased our understanding of microbial
energy metabolism, which has led to a greater understanding of the
complex regulatory networks that ensure efficient production of ATP
in response to changes in the environment. These findings have led
to improved use in renewable bioenergy, in microbial fuel cells, in

wastewater treatment and sustainable industrial biotechnology.
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Carbon and Nitrogen Metabolism

Two interconnected processes of carbon and nitrogen metabolism
contribute to microbial growth, biosynthesis, and ecosystem
functioning. Carbon is the main constituent building block of all
cellular macromolecules and nitrogen is needed to form amino
acids, nucleic acids, proteins, coenzymes, and many metabolites.
The metabolic versatility of microorganisms allows them to use a
wide range of carbon and nitrogen sources and keep global
biogeochemical cycles in check. Carbon is obtained by the
microorganisms via autotrophism or heterotrophism. The carbon
source of autotrophic microorganisms is CO,, inorganic carbon is
fixed by these microorganisms by pathways including Calvin-Benson
cycle, reverse TCA cycle or Wood-Ljungdahl pathway. Heterotrophic
microorganisms, however, use organic compounds such as
carbohydrates, lipids, proteins and organic acids as carbon sources.
These compounds undergo metabolism by glycolysis, tricarboxylic
acid cycle and related metabolic pathways to produce energy and
biosynthetic intermediates. Nitrogen metabolism includes nitrogen
fixation, nitrification, denitrification, ammonification and nitrogen
assimilation. Some bacteria and archaea include the enzyme
nitrogenase, which is able to fix atmospheric nitrogen into ammonia
that's accessible to other organisms, providing nitrogen to
ecosystems. Nitrogen cycle is completed by nitrifying
microorganisms that convert ammonia to nitrite and nitrate, and

denitrifying bacteria that convert nitrate back to gaseous nitrogen.
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Nitrogen fixed or ammonia from the breakdown of organic matter is
incorporated into amino acids by glutamine synthetase and
glutamate synthase pathways. In recent years, metagenomic and
transcriptomic studies have shown that microbial carbon and N
metabolism is highly sensitive to the environment, microbial
interactions and nutrient availability. These metabolic networks
affect soil fertility, greenhouse gas emissions, climate control,
wastewater  disposal, and sustainable agriculture. The
comprehension of microbial carbon and nitrogen transformations
has thus gained a growing significance in environmental
management, ecosystem restoration and development of carbon

neutral biotechnologies (Nasution, 2024).

Bioenergetics

Bioenergetics involves the study of the transformation of energy in a
living system, and serves as the basis for understanding the
metabolism of microorganisms. Bioenergetic processes in
microorganisms refer to the mechanism of trapping and converting
chemical or light energy, storing it, and using energy to synthesize
and sustain key cellular functions. In order to survive in very different
environments, from nutrient-rich habitats to extreme environments
with high temperature, salinity, acidity, or pressure, microorganisms
have to convert energy efficiently. The key concept in microbial
bioenergetics is that exergonic reactions (those that release free

energy) are coupled with endergonic reactions (those that need an
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input of energy). The ATP is the main energy carrier and connects
catabolic pathways which produce energy to anabolic pathways that
lead to biosynthesis in cells. Electrochemical gradients across bio-
membranes are produced during electron transfer reactions that
take place inside respiratory or photosynthetic electron transport
chains. This proton motive force is used in chemiosmotic production
of ATP, using ATP synthase. There is great diversity among
microorganisms in their bioenergetic strategies. Anaerobic
microorganisms rely on alternative electron acceptors or
fermentation reactions to produce ATP, while aerobic organisms use
oxidative  phosphorylation  with  oxygen.  Chemolithotrophic
microorganisms can gain energy from the oxidation of inorganic
compounds ( hydrogen, sulfur, ammonia, ferrous iron) and photo
trophic microorganisms can gain energy from the photosynthetic
electron transport of the sun's energy. New advances in structural
biology, cryo-electron microscopy, and computer modeling have
recently yielded detailed information about the molecular
architecture of respiratory complexes and ATP synthase. Systems
biology approaches have also identified the complex mechanisms
that optimize energy use under environmental stress. The
discoveries have paved the way for applications in metabolic
engineering, synthetic biology, bioenergy production, and microbial
fuel cells, highlighting the vital role of microbial bioenergetics in
biotechnology and sustainable development. Nitrogen metabolism

includes nitrogen fixation, nitrification, denitrification, ammonification
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and nitrogen assimilation. Some bacteria and archaea can use the
nitrogenase enzymes to take advantage of atmospheric nitrogen
and reduce it into ammonia, which is usable by ecosystems.
Nitrifying microorganisms convert ammonia to nitrite and nitrate and
denitrifying bacteria convert nitrate back into gaseous nitrogen, thus
completing the nitrogen cycle. The nitrogen from ammonia produced
by nitrogen fixation or from decomposition of organic matter is
incorporated into amino acids by glutamine synthetase and
glutamate synthase. In recent metagenomic and transcriptomic
studies, it has been shown that microbial carbon and nitrogen
metabolism is highly responsive to environmental factors,
interactions between the microorganisms, and nutrient availability.
Such metabolic networks impact soil fertility, greenhouse gas
emissions, climate control, wastewater treatment and sustainable
farming. Hence, it is more important to understand the microbial
transformation of carbon and nitrogen for environmental
management, ecosystem restoration and development of carbon

neutral biotechnologies (Mashrafi, 2026).

Microbial Growth Factors

Microbial growth factors are organic compounds which the
microorganisms need in small amounts for the growth, metabolism
and reproduction of the microorganisms but cannot produce them in
adequate amounts. These compounds are mainly cofactors of

enzymes, metabolic precursors or structural components of key
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biochemical reactions. Growth factors play an important role in
microbial physiology, ecological distribution, industrial culturing and
pathogenicity.

Vitamins, amino acids, purines, pyrimidines and certain fatty acids
are the major types of microbial growth factors. Biotin, thiamine,
riboflavin, niacin, pantothenic acid, folic acid, and cobalamin are all
vitamins which act as coenzymes or factors in many metabolic
reactions related to carbohydrate metabolism, nucleic acid synthesis
and production of energy. Some microorganisms have full
biosynthetic pathways for these compounds, while others rely on

environmental sources or symbiotic partners for these compounds.

Microbial growth needs are very much influenced by environmental
conditions. All of the above parameters interact to produce a
combination of effects on microbial proliferation. So, culture media
for the laboratory are designed with a balanced and exact nutrient
and growth factors to provide the optimum conditions for microbial
growth and physiology. These fastidious organisms, such as several
clinically important pathogens, need highly enriched media that

include blood, serum or special nutritional supplements.

With the recent developments in metabolomics and genome-scale
metabolic modelling, the nutritional needs of microorganisms have
been better understood and novel biosynthetic pathways and
metabolic dependencies unraveled. These findings enable the
formulation of better optimized culture media, increase industrial

fermentation processes, development of probiotics and precision
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microbiology. Moreover, the knowledge of requirements for microbial
growth has gained growing significance in the research of
antimicrobial drugs, host-microbe relationships, the study of the
microbiomes, and synthetic biology, where nutritional engineering is
employed to facilitate regulation of microbial growth and metabolic

activity.

Microbial Ecology

1. Soil Microbiome

2. Marine Microbiology

3. Freshwater Microbiology
4, Plant Microbiome

5. Human Microbiome

Soil Microbiome

Soil microbiomes are a diverse group of bacteria, archaea, fungi,
viruses, protozoa and other microorganisms present in soil
ecosystems. It is one of the most complex environments on earth —
every gram of it contains billions of microbial cells and thousands of
species. These microorganisms continuously interact with plants,
animals and with each other, creating very complicated ecological
networks that control the cycling of nutrients, decomposition of

organic matter and productivity of the ecosystem.
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Soil microorganisms are key components of the biogeochemical
cycles as they break down organic residues and transform complex
organic compounds into plant available nutrients. The nitrogen-fixing
bacteria converts atmospheric N2 to NH4, and the nitrifying and
denitrifying microorganisms control the availability of N2 and GHGs.
Plants form mutualistic relationships with mycorrhizal fungi, which
increases their uptake of nutrients, drought resistance, and
resistance to soil-borne diseases. Beneficial rhizobacteria also
stimulate plants by producing phyto-hormones, and solubilizing
phosphate and biological control of plant diseases (Shukla &

Choudhary, 2026).

Recent developments in metagenomics, meta transcriptomics, and
metabolomics have shown that most soil microorganisms are not
able to be cultured in the laboratory. The large taxonomic and
functional diversity revealed by high-throughput sequencing shows
that microbial communities are very dynamic, and quickly reflect
changes in their environment, including climate change, land-use,
pollution, and agricultural management. The knowledge of soil
microbiome is gaining importance in sustainable agriculture, carbon
sequestration, ecosystem restoration, and the production of

environmentally friendly biofertilizers and biopesticides.

Marine Microbiology

Marine microbiology is the science of the microorganisms that live in

oceans, seas and other marine environments; microbial
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communities are the base of the marine ecosystems of the world.
Marine micro-organisms comprise a majority of the biomass and
biochemical activity of the ocean and consist of bacteria, archaea,
small algae, fungi, viruses, and protists. These microbes play a vital
role in maintaining ocean health, climate and marine food webs.
Photosynthetic microorganisms, including cyanobacteria and
phytoplankton, account for almost half of photosynthesis in the world
and generate a sizable fraction of oxygen in the world's atmosphere.
Dissolved organic matter is mineralized by marine heterotrophic
bacteria, which recycle nutrients and provide energy for higher
trophozooic levels via the microbial loop. The energy for
chemolithotrophic microorganisms residing in hydrothermal vents is
acquired from inorganic compounds, which highlights their incredible
metabolism in extreme environments. Marine viruses are the most
prevalent component of the oceans, and have important ecological
functions, including microbial control, microbial horizontal gene
transfer and nutrient recycling via viral lysis. It has recently been
demonstrated that the biological carbon pump (BCP) by marine
microorganisms is a major driver of global carbon sequestration,
affecting atmospheric carbon dioxide concentrations and climate
regulation. The advances in sequencing technology, remote sensing
and ocean metagenomics have revolutionized the understanding of
the diversity and number of microbes that inhabit the ocean, and
have identified thousands of new species and metabolic pathways.

The findings have implications for marine biotechnology, drug
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development, renewable biofuels, environmental surveillance, and
climate change studies, among others, underscoring the crucial role

of marine microorganisms in the Earth's biosphere (Gifford, 2026).
Freshwater Microbiology

The study of the microorganisms found in the water of rivers, lakes,
wetlands, reservoirs, groundwater, and other bodies of freshwater is
called fresh water microbiology. They harbor extremely diverse
microbial communities that help to maintain the quality of the water,
the cycling of nutrients and ecological stability. Freshwater
microorganisms include bacteria, archaea, fungi, algae, protozoa,
and viruses, all of which are part of dynamic aquatic ecosystems,
and are influenced by seasonal and environmental fluctuations.
Photosynthetic microorganisms, in particular cyanobacteria and
microalgae, act as primary producers and use the energy of the sun
to create organic matter and release oxygen into an aquatic system.
Heterotrophic bacteria break down organic matter and recycle
nutrients like carbon, nitrogen and phosphorus, ensuring the
productivity of the ecosystem. Microbial communities are also
involved in natural purification mechanisms that help to degrade
organic contaminants and convert harmful substances into less
harmful compounds. Anthropogenic activities, such as agricultural
runoff, industrial pollution, urbanization and climate change, can
have a very adverse effect on freshwater ecosystems. Too many
nutrients can lead to the growth of blooms of harmful algae that

release toxins harmful to wildlife and humans, as well as aquatic life.

85



aa e et ap | gl s Byl bl LIS

Environmental disturbances can also disrupt microbial community
composition, decreasing biodiversity and ecosystem resilience.
Microbial ecology in freshwaters has been greatly advanced by
recent developments in metagenomics, microbial network analysis
and environmental DNA sequencing. These technologies allow for
the analysis of microbial diversity, discovery of new pathogens, and
measurement of ecosystem health in a short time. The study of
freshwater microbiology has gained great significance in the
management of water resources, public health monitoring,
wastewater treatment, conservation of biodiversity and sustainable

environmental protection.

Plant Microbiome

The plant microbiome includes the varied microbial communities
found on the roots, leaves, stems, flowers, seeds and in the plant's
vascular tissues. These include bacteria, fungi, archaea, viruses,
and protists that form complex interactions with each other, from
mutualistic symbiosis to pathogenic infection (Casadevall et al.,
2000). Today, the plant microbiome is acknowledged as a vital
factor of plant health, productivity and environmental adaptation.
The soil surrounding the root system of the plants (rhizosphere) is
one of the most dynamic environments for microbial life. The plant
growth promoting rhizobacteria optimize nutrient availability by
nitrogen fixing, phosphate solubilization, iron mobilization and

production of phytohormones which induce root growth. The
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mycorrhizal fungi are able to increase the ability of the roots to
absorb water and minerals, especially when the environment is
stressful. Endophytic microorganisms inhabit internal plant tissues
without causing disease and play a role in improving stress
tolerance, pathogen resistance and the production of secondary
metabolites. Recent studies have shown that plants actively select
their associated microbiome by emitting certain chemicals from the
roots, which recruit beneficial microbes and inhibit pathogenic
microbes. Recent developments in multi-omics technologies such as
metagenomics, transcriptomics, proteomics, and metabolomics,
have uncovered complex networks of communication between
plants and their microbial associates. The knowledge of plant
microbiomes has led to the creation of new tools that promote
sustainable farming practices, such as microbial inoculants,
biofertilizers, and biological control agents. Harvesting beneficial
microbial communities holds great potential for boosting crop
productivity, decreasing reliance on chemical fertilizers,
strengthening stress resilience to climate change, and ultimately

benefiting global food security.

Human Microbiome

The human microbiome refers to microorganisms that reside on the
surface of the skin and in the gastrointestinal tract, oral cavity,
respiratory tract, and urogenital system. They are composed of

bacteria, archaea, fungi, viruses and protozoa, with a genetic
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repertoire that is much greater than the human genome. The human
microbiome is not a static collection of organisms residing within the
body, but rather an active system that plays a crucial role in the
body's physiology and health (Eloe-Fadrosh et al., 2013). The gut
microbiome is the most extensive and studied microbial ecosystem
in humans. Functions in growth, digestion, vitamin secretion,
maturation of the immune system, metabolism and colonization
resistance against pathogenic microorganisms. Short-chain fatty
acids are produced by the intestinal microorganisms and play a role
in maintaining intestinal integrity, inflammatory responses, and
metabolic homeostasis. There is emerging evidence of a
microbiota—gut—brain axis in which microbial metabolites affect
neurological development, cognition and mental health (Goodman et
al., 2009). Numerous diseases, such as inflammatory bowel
disease, obesity, diabetes mellitus, cardiovascular disorders,
autoimmune diseases, allergies and several types of cancer have
been linked with microbial dysbiosis, which is defined as an
imbalance in the microbial diversity and composition. Rapid
developments in  metagenomics, single-cell  sequencing,
metabolomics, and artificial intelligence have made it possible to
precisely characterize microbial communities and their activities
(Turnbaugh & Gordon, 2009). New treatments, such as precision
probiotics, prebiotics, microbiome targeted therapeutics and faecal
microbiota transplantation, are developed by the current research on

the microbiome, which is paving the way for individualized medicine
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treatments. The present research on the microbiome is leading to
the development of personalised medicine approaches such as
precision probiotics, prebiotics, microbiome targeted therapeutics
and faecal microbiota transplantation (Gilbert et al., 2018). The
human microbiome has an increasing role in health and disease,
and is becoming an important target for prevention, diagnosis and
personalized treatment and therapy; Table (15-1).

Table (15-1): Comparative Characteristics of Major Microbial Ecosystems

and Their Ecological Functions.
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Carbon Cycle

One of the most basic biogeochemical cycles of carbon between the
atmosphere, biosphere, hydrosphere and lithosphere is the
microbial carbon cycle. The role microorganisms have in both fixing
and decomposing carbon plays a central role in maintaining the
balance of CO2 reservoirs in the world. Most microorganisms
(cyanobacteria, microalgae, and some chemosynthetic bacteria) can
fix carbon dioxide (CO,) from the atmosphere using photosynthesis
or chemosynthesis to produce organic compounds that can be used
as their main source of energy for living. Fungi and heterotrophic
bacteria break down dead plants, animals and organic wastes and
return the carbon to the environment as carbon dioxide by aerobic
respiration. Under anaerobic conditions, methanogenic archaea will
convert carbon containing compounds back into methane (CH,)
while methanotrophic bacteria will oxidize methane to carbon
dioxide, thus reducing greenhouse gases. The response of these
microbes to each other affects the levels of carbon in the
atmosphere and plays a large role in stabilizing it. There is
increasing evidence from recent studies using metagenomics and
stable isotope analysis that the microbial community is very
sensitive to climate change, soil management and environmental
perturbations. Alteration of micro-biological diversity directly affects
the processes of carbon sequestration, decomposition of organic

matter and production of greenhouse gases (Allison et al., 2014).
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Thus, knowledge of microbial carbon metabolism is vital to the
implementation of sustainable agriculture, improving soil quality,
better carbon capture technologies and solutions to global climate

change through nature; Figure (15-3).
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Figure (15-3): Simplified Scientific Diagram — Carbon Cycle.

Nitrogen Cycle

Nitrogen cycle is a highly complex microbial process in which
nitrogen is transformed into biological forms needed for the
synthesis of proteins, nucleic acids, amino acids etc. Nitrogen is
present in the atmosphere in the form of diatomic N,, which makes
up about 78% of the earth's atmosphere, but most organisms are
not able to use this. Specialized microorganisms consequently
undergo several biochemical transformations, rendering the nitrogen
available to living organisms. Nitrogen fixation is performed mainly
by diazotrophic bacteria and archaea that have the enzyme
nitrogenase that reduces nitrogen gas (N;) to ammonia (NH3) from
the atmosphere (Hoang et al., 2022). In addition to symbiotic
bacteria which develop a mutualistic relationship with leguminous
plants, free-living bacteria like Azotobacter and cyanobacteria are
also important contributors of nitrogen fixation. Nitrogen fixed or
decomposed ammonia is oxidized by nitrifying bacteria to nitrite
(NO;") and then nitrate (NO3™), which can easily be absorbed by
plants. Under oxygen deficient conditions, denitrifying bacteria return
nitrate to atmospheric N, avoiding excess of N in the system.
Nitrogen availability is also regulated and ecosystem productivity by
other microbial processes including ammonia oxidation (ammox)
and ammonification. Recent metagenomic research has found that

nitrogen cycling is performed by very complex microbial
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communities that rapidly change depending on soil moisture,
temperature, oxygen availability, and the cultural practices of the
farmer. The knowledge of the microbial N metabolism is gaining
importance in sustainable agriculture, wastewater treatment,
fertilizer management and reduction of nitrous oxide emissions, a
strong greenhouse gas which is linked to climate change; Figure

(15-4).
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Figure (15-4): Simplified Scientific Diagram — Nitrogen Cycle.

Sulfur Cycle

The sulfur cycle is a biogeochemical process in which
microorganisms play an important role in the reduction of sulfur to
the sulfite, sulfate, and sulfide and the oxidation of sulfur to the
sulfite, sulfate, and sulfide. Sulfur is essential for the production of

amino acids, coenzymes, vitamins, and various proteins in the cells.
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Microbial sulfur metabolism plays a special role in the marine
sediments, wetlands, geothermal systems, and soils of agriculture,
where oxygen levels are dynamic. Sulfur-oxidizing bacteria, such as
Thiobacillus sp. and Beggiatoa sp., also oxidize hydrogen sulfide
(H.S), elemental sulfur and other reduced sulfur compounds to
sulfate (SO,%2") and produce energy by chemolithotrophic
metabolism. Under anaerobic conditions, sulfate reducing bacteria
(e.g. Desulfovibrio spp.) will use sulfate as the final electron
acceptor, generating hydrogen sulfide. This hydrogen sulfide can
then be re-oxidized, thus completing the sulfur cycle. Marine
microorganisms play an important role in the global sulfur cycle,
metabolizing dimethyl sulfoniopropionate (DMSP) and producing
dimethyl sulfide (DMS), which is a volatile sulfur compound with a
role in cloud formation and climate regulation. In recent
metagenomic studies, new microorganisms that could cycle sulfur
have been discovered, highlighting the vast array of sulfur cycling
pathways found in both terrestrial and aquatic environments.
Knowing how the microbes in the soil process sulfur has a number
of practical uses in biomining, wastewater treatment, remediation of
acid mine drainage, bioenergy production and environmental
monitoring. The transformations of microbial sulfur will become more
prominent in regulating the health and atmospheric chemistry of
wetlands and marine environments as they change due to the
effects of climate change (Fakhraee et al., 2025). The phosphorus

cycle is unlike the carbon and nitrogen cycles because there is no
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large atmospheric component; it is mainly geologic and microbial in
soils and water. Phosphorus is a nutrient that is necessary for the
production of nucleic acids, phospholipids, ATP and nutrients which
act as signaling molecules in the cell. But most phosphorus in soil is

in mineral form which is unassimilable by plants; Figure (15-5).
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Figure (15-5): Simplified Scientific Diagram — Sulfur Cycle.

Phosphorus Cycle

Microorganisms like Bacillus, Pseudomonas, Aspergillus, and
Penicillium bacteria produce organic acids and phosphatase
enzymes which break down insoluble phosphate minerals to soluble
phosphate ions that can easily be absorbed by plants. Mycorrhizal
fungi also aid in the uptake of phosphorus by increasing the root
absorbing surface and by moving phosphate from remote soil areas

(Silva et al., 2023).
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After the plants and animals die, microbial decomposers mineralize
organic phosphorus compounds, releasing inorganic phosphate to
the soil. Some phosphate is carried to rivers and oceans, where the
microbial communities involve in the aquatic food webs recycle the

phosphorus before long-term sediment deposition can take places.

The recent development of metagenomics and functional genomics
has led to the discovery of many genes related to the acquisition,
transportation and regulation of phosphorus in microbial
communities. These findings have paved the way for the study and
development of microbial biofertilizers to enhance the use efficiency
of phosphorus and reduce reliance on chemical fertilizers. The
management of phosphorus for sustainable food production and to
protect the environment and freshwater systems has become a

growing concern for global phosphorus security; Figure (15-6).
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Figure (15-6): Simplified Scientific Diagram — Phosphorus Cycle.

Beneficial Microorganisms

1. Agriculture
2. Food Industry
3. Environmental Sustainability

4, Biotechnology

Beneficial Microorganisms in Agriculture
The beneficial microorganisms are essential parts of sustainable

agriculture because they play an important role in improving soil
fertility, plant growth, reducing the presence of phytopathogens and
in controlling the efficiency of nutrient use. In the rhizosphere, there
IS complex interactions among bacteria, fungi and archaea (Plant
Growth-Promoting Microorganisms, PGPM) which play significant
roles in plant physiology and ecosystem productivity. Rhizobium,
Azospirillum, Azotobacter, Bacillus, Pseudomonas and arbuscular
mycorrhizal fungi (AMF) are among the most studied taxa that act
on complementary biochemical mechanisms leading to enhanced
crop performance. Bioavailable ammonia is produced from the
atmospheric nitrogen (N;) by diazotrophic bacteria, which decreases
the need for the application of synthetic nitrogen fertilizers (Flint et
al., 2020). Phosphate-solubilizing microorganisms are able to break
down mineral forms of phosphate by producing organic acids and
phosphatases, while potential K-solubilization bacteria help to

increase the bioavailability of mineral K through acidification and
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chelation processes. In addition, many rhizobacteria produce
phytohormones like indole-3-acetic acid (IAA), gibberellins, and
cytokinins that control root architecture, nutrient uptake and stress
tolerance. The beneficial microorganisms also play a role in
biological control through the production of antimicrobial
metabolites, siderophores, lytic enzymes and volatile organic
compounds which inhibit fungal, bacterial and nematode pathogens.
Microbial signaling molecules elicit Induced Systemic Resistance
(ISR) which makes the plants more resistant to a wide range of
diseases without requiring a large metabolic burden. The
improvement of multifunctional bio-fertilizers and bio-pesticides
based on microbial consortia engineering, metagenomics and
precision agriculture has made it possible to develop bio-fertilizers
and bio-pesticides according to crop and environment. Microbial
Biotechnology (MB) is thus emerging as a key element of a
comprehensive strategy for climate-smart agriculture and
regenerative farming for enhanced production and reduction of

environmental damage (Timofeeva et al., 2022).

Beneficial Microorganisms in the Food Industry

The use of beneficial microorganisms is an integral part of
sustainable agriculture and they hold an important place in the soil's
fertility, plant growth, control of phytopathogens and efficiency of
nutrient use. In the rhizosphere, complex interactions between

bacteria, fungi and archaea (Plant  Growth-Promoting
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Microorganisms, PGPM) are found that are important for plant
physiology and productivity of the ecosystem. Some of the most
studied taxa that operate complementary biochemical mechanisms
impacting on enhanced crop performance are rhizobium, arbuscular
mycorrhizal fungi (AMF), azospirillum, azotobacter and bacillus.
Bioavailable ammonia is produced from the atmospheric nitrogen
(N2) by diazotrophic bacteria, which decreases the need for the
application of synthetic nitrogen fertilisers. Phosphate solubilizing
microorganisms have the ability to transform the mineral forms of
phosphate by releasing organic acids and phosphatases, and the
potential K-solubilization bacteria can stimulate mineral K through
acidification and chelation processes. In addition, many
rhizobacteria produce phytohormones like indole-3-acetic acid (IAA),
gibberellins, and cytokinins that control root architecture, nutrient
uptake and stress tolerance. The beneficial microorganisms also
play a role in biological control through the production of
antimicrobial metabolites, siderophores, lytic enzymes and volatile
organic compounds which inhibit fungal, bacterial and nematode
pathogens. Microbial signaling molecules elicit Induced Systemic
Resistance (ISR) which makes the plants more resistant to a wide
range of diseases without requiring a large metabolic burden. Due to
advancement of microbial consortia engineering, metagenomics and
precision agriculture, it has become possible to develop bio-
fertilizers and bio-pesticides with respect to crop and environment.

Microbial Biotechnology (MB) is therefore becoming a key
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component of an integrated approach to climate smart agriculture
and regenerative farming to improve production and minimize

environmental effects (Todorov et al ., 2022).

Beneficial Microorganisms in Environmental Sustainability

The beneficial microorganisms are a key and important component
in ecosystem stability as they are involved in biogeochemical cycles,
in the degradation of environmental pollutants, and ecosystem
restoration from contamination. A wide array of microbial
communities are involved in the cycling of carbon, nitrogen, sulfur,
and phosphorus that contribute to the fertility of soil and the balance
of the nutrients in the global ecosystem through the action of highly
specialized metabolic pathways. Bioremediation technologies are
environmentally friendly methods based on the degradation of
organic contaminants, petroleum hydrocarbons, pesticides, plastics
and industrial contaminants by microorganisms. Wastewater
treatment systems rely on a coordinated biological process where
bacteria, archaea, fungi and micro-algae remove excess nutrients,
organic matter and toxic substances by working together with a
complex sequence of reactions, including nitrification, denitrification,
anaerobic digestion, and enhanced biological phosphorus removal
(EBPR). Organic wastes are used by methanogenic archaea to
produce methane-containing biogas, which can also be used in
circular bioeconomy to generate renewable energy. The combined

use of metagenomics, synthetic biology and microbiome engineering
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allows the design of microbial consortia with improved degradation
capacities, pollutant specificity and adaptability to varying
environmental conditions, thus helping to create sustainable
environmental management and climate change mitigation (Kaushal

etal ., 2023).

Beneficial Microorganisms in Biotechnology

Microorganisms are the beginning of modern biotechnology because
of their remarkable metabolic diversity, rapid growth, their genetic
tractability and their ability to produce a wide variety of industrially
useful biomolecules. A variety of microbial cell factories, such as
bacteria, yeasts, filamentous fungi and microalgae, are used to
produce recombinant proteins, therapeutic enzymes, antibiotics,
vaccines, organic acids, amino acids, vitamins, and biofuels.
Recombinant DNA technologies, genome editing using the CRISPR-
Cas system, synthetic biology, and systems biology have greatly
increased the potential to modify microbial metabolism for increased
productivity and specificity of the products. Microbiological
fermentation platforms are an emerging technology in industrial
biotechnology that offer alternatives to the petrochemical industry in
creating sustainable bioprocesses that require less energy and
produce fewer greenhouse gases. In addition, microorganisms play
an essential role in enzyme technology, development of biosensors,
biomining, synthesis of biodegradable polymers, and precision

medicine. The merging of artificial intelligence, genome-scale
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metabolic modelling, and multi-omics analyses has sped up the
strain optimization and process engineering, which led to the
creation of highly efficient microbial platforms for pharmaceutical,
agricultural, environmental and industrial applications. Beneficial
microorganisms are thus key instruments for sustaining
technological progress in the fast-changing bioeconomy, and will

continue to lead innovation (Ushakiran et al., 2025).

Harmful Microorganisms

1. Pathogenic Bacteria
2. Emerging Infectious Diseases
3. Antibiotic Resistance

4. Biofilm Formation

Pathogenic Bacteria

Pathogenic bacteria are microorganisms that are able to cause
disease using very specialized virulence factors that enable the
microorganism to colonize the host, evade the host immune system,
invade tissues, and produce toxins. They have virulence factors
such as adhesins, invasins, exotoxins, endotoxins, secretion
systems, capsules, biofilm-forming ability which determine their
pathogenic potential. The outcome of infection is determined by
intricate interactions between the microbial virulence and host
Immune responses that contribute to the severity of the infection and

clinical outcome. Major Dbacterial pathogens including
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Staphylococcus aureus, Escherichia coli, Salmonella enterica,
Mycobacterium tuberculosis, Pseudomonas aeruginosa and
Clostridioides difficile continue to be significant causes of morbidity
and mortality globally. Hyper virulent and multidrug resistant variants
have emerged thanks to horizontal gene transfer through plasmids,
bacteriophages, transposon and integrative conjugative elements.
Moreover, the genetic variations and plasticity observed in
pathogenic bacteria have been demonstrated by the use of
comparative genomics and whole genome sequencing to allow rapid
adaptation to the host environment and against antimicrobial
pressure. The rapid identification of bacterial pathogens and
resistance determinants has been significantly enhanced by the
application of modern molecular diagnostic technologies such as
real-time PCR, metagenomic sequencing and CRISPR-based
detection platforms. Exploring the mechanisms by which bacteria
are pathogenic at the genomic, transcriptomic, and proteomic levels
has become essential for the design of novel anti-virulence
strategies, vaccines, and rationally targeted antimicrobial therapies
which would not create selective pressures for resistance (Michaels

& Olaleye, 2026).

Emerging Infectious Diseases

Emerging infectious diseases (EIDs) are a large public health issue
worldwide because they have become more common and spread

rapidly across geographic areas, and have a large socioeconomic
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impact. These diseases can result from new pathogens, the re-
emergence of pathogens that were previously controlled, or
emergence or modification of existing pathogens that can be
transmitted to new host species and cause more severe or
widespread disease. Pathogen emergence and cross-species
transmission can be attributed to environmental changes,
globalization, urbanization, climate change, inappropriate
antimicrobial use, and increased human-animal contacts. The One
Health approach which combines human, animal and environmental
health is vital given that three quarters of emerging infectious
diseases are zoonotic in origin. Recently, modern tools in genomic
epidemiology have become available for the real-time surveillance of
pathogen evolution using whole genome sequencing, phylogenetic
analysis, and metagenomic monitoring. Al, machine learning and
predictive epidemiological modeling are becoming more common
tools to detect outbreak hotspots, predict disease transmission and
aid in rapid public health responses. The international surveillance
systems, under the World Health Organization (WHO), Centers for
Disease Control and Prevention (CDC) and other global networks
are key in early detection and coordinated response. Investment in
pathogen surveillance, genome monitoring, vaccine development
and preparedness on a global scale continues to be critical for the

reduction of future threats from infectious disease.

Antibiotic Resistance
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One of the biggest challenges to global health is the emergence of
resistant bacteria, which limits the effectiveness of antimicrobial
treatment, and contributes to high rates of morbidity, mortality and
economic cost of health care-associated infections. Resistance
arises either as a natural resistance or due to genetic changes in the
bacteria that make it less sensitive to the antimicrobial agent. This
occurs through several mechanisms, such as enzymatic antibiotic
degradation, target site modification, decreased permeability of the
bacterial cell membrane, active efflux systems and alterations of
metabolic pathways. Amicrobial resistance genes (ARGs) have
been spread around the world more quickly due to horizontal gene
transfer (conjugation, transformation, and transduction), leading to
the emergence of multidrug-resistant (MDR), extensively drug-
resistant (XDR), and pan-drug-resistant (PDR) bacterial pathogens.
Most significantly, the ESKAPE group (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Enterobacter spp.) which
account for the bulk of healthcare-associated infections are
especially resistant to various classes of antibiotics. The modern
approaches fighting AMR are antimicrobial stewardship programs,
rapid molecular diagnostics, bacteriophage therapy, antimicrobial
peptides, antimicrobial systems based on CRISPR-Cas, anti-
virulence therapeutics, microbiome-based intervention and Al-
assisted antibiotic discovery. Integrated genomic surveillance and

responsible use of antimicrobial agents are crucial to ensure the
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effectiveness of current antimicrobials and to support the

development of new antimicrobials (Kerek et al., 2026).

Biofilm Formation

Biofilms are highly structured microbial communities surrounded by
a self-produced extracellular polymeric substance (EPS) matrix,
which is made up of polysaccharides, proteins, extracellular DNA
and lipids. Biofilm formation can improve the survival of microbial
organisms under adverse environmental conditions by giving them
structural stability, enabling intercellular communication via quorum
sensing, and also leading to a resistance towards host immune
response and antimicrobial drugs. Biofilm formation can be broken
down into five steps: reversible attachment, irreversible adhesion,
microcolony formation, maturation, and dispersal. Biofilms are easily
formed by opportunistic pathogens like Pseudomonas aeruginosa,
Staphylococcus aureus, Escherichia coli, and Candida albicans on
host tissues and medical devices like prosthetic implants, heart
valves, endotracheal tubes and catheters. Biofilm-associated
infections are usually chronic, recurrent, and highly resistant to
standard antimicrobial treatment because of limited penetration of
antibiotics, low metabolic activity of persister cells and the protective
EPS matrix. Anti-biofilm strategies have recently been the subject of
research on quorum sensing inhibition, matrix degradation enzymes,
antimicrobial nanoparticles, antimicrobial enzymes derived from

bacteriophage, antimicrobial peptides, and CRISPR-mediated
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disruption of biofilm. The emerging and dynamic understanding of
the regulatory networks that control biofilm formation provided by
high throughput transcriptomics, proteomics, metabolomics, and
single-cell imaging will provide innovative opportunities in the design
of therapeutic approaches to combat persistent microbial infections

(Pompilio & Di Bonaventura, 2026).

Environmental Microbiology

1. Wastewater Treatment
2. Bioremediation
3. Plastic Degradation

4, Climate Change and Microorganisms

Wastewater Treatment

The biological component of the modern wastewater treatment
systems is based on microorganisms, which accelerate the
destruction of soiled organic matter, convert nutrients, and limit the
levels of pathogens before discharge of the water or its reuse. The
microbial consortium contains multiple microbial communities that
are responsible for the elimination of contaminants by various
metabolic pathways, which work synergically together. The activated
sludge systems, trickling filters, membrane bioreactors (MBRs) and
anaerobic digesters are highly specialized microbial communities

that can mineralize organic matter and still maintain ecosystem
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stability. Nitrogen removal is primarily by nitrification and
denitrification which are carried out by ammonia-oxidizing bacteria
(AOB), nitrite-oxidizing  bacteria (NOB) and denitrifying
microorganisms. Biological phosphorus removal relies on the
polyphosphate-accumulating organisms (PAOSs) that are capable of
taking up excess phosphate inside their cells and reducing
eutrophication. In anaerobic digestion, methanogenic archaea break
down organic waste to produce methane-laden biogas, thereby also
reducing waste and producing renewables. The microbiomes of
wastewater systems have been recently characterized in detall
using metagenomics, meta transcriptomics and high through-put
sequencing, which has opened the door to optimize wastewater
processes and to monitor them at real time. Wastewater treatment
plants now incorporate artificial intelligence, digital twin technology
and machine learning to forecast the dynamics of microorganisms,
optimize performance and increase the clean-up of contaminants
through fluctuating environmental conditions.
Bioremediation

Bioremediation involves a metabolic versatility of microorganisms
that can be used to break down, convert, or mineralize
environmental contaminants to less hazardous forms. Indigenous
and engineered microbial populations can degrade a wide range of
contaminants such as petroleum hydrocarbons, chlorinated
solvents, pesticides, pharmaceutical contaminants, heavy metals

and emerging contaminants. Microbial bioremediation s
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environmentally friendly, cost-effective and can restore the
functionality of the ecosystems in a way that causes minimum
ecological disturbance to the environment when compared with the
conventional physicochemical remediation methods. Biodegradation
iIs a process of oxidation reduction, hydrolysis or mineralization of
pollutants by sequential oxidation-reduction reaction through the
enzymatic pathway which is mediated by oxygenases,
dehydrogenases, peroxidases, laccases, and reductases. Aerobic
and anaerobic microorganisms are involved in the removal of
contaminants depending on environmental conditions and the
availability —of substrates. Bioaugmentation, biostimulation,
phytoremediation-assisted microbial degradation and microbial
consortia engineering are some of the strategies that have
contributed to improved remediation efficiency in contaminated soils,
sediments and aquatic ecosystems. The  engineered
microorganisms with improved catabolic abilities have been
designed with recent advances in synthetic biology, genome editing
and systems biology, and interactions among functions of complex
environmental microbiomes are continuously uncovered using multi-
omics technologies. These innovations place microbial
bioremediation as one of the technologies essential to sustainable
environmental restoration and contribute to the bioeconomy in a

global perspective (Raheema et al., 2026).

Plastic Degradation
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The presence of plastic waste in the environment and its impact
have become a major concern of the 21st century, and research has
emerged on the potential use of microbial degradation as a viable
method of waste management. Some bacteria, fungi and
actinomycetes have enzymes that can depolymerize synthetic
polymers to biodegradable intermediate products. PETase,
MHETase, cutinases, esterases, laccases and peroxidases are
enzymes that catalyse the hydrolysis and oxidative degradation of
polyethylene terephthalate (PET), polyurethane (PU) and
polyethylene (PE). ldeonella sakaiensis, Pseudomonas, Bacillus,
Rhodococcus, Streptomyces, and fungal genera such as Aspergillus
and Penicillium are among the microorganisms that have been
studied the most. Polymer depolymerization products are then
transported to the central metabolic pathways in which they become
carbon and energy sources in the assimilation process. The
development of enzyme engineering, directed evolution, synthetic
enzymes, and metagenomic discovery has led to significant
improvements in enzyme stability, catalytic activity, and substrate
specificity for the industrial environment. In addition, microbial
consortia and enzyme cocktails have shown to degrade mixed
plastic wastes more effectively, offering great potential to integrate
microbial biotechnology for the efficient recycling of plastics in a
circular economy and to decrease the environmental burden of

persistent polymeric wastes.

Climate Change and Microorganisms
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Microorganisms are dual players in climate change, not only as
regulators of fluxes of greenhouse gasses, but also as players
reacting to changing environmental conditions. Microbial
communities have a significant effect on the concentrations of
carbon dioxide (CO;), methane (CH,) and nitrous oxide (N,O) in the
atmosphere by their involvement with global carbon, nitrogen, sulfur
and methane cycles. Photosynthetic microorganisms (cyanobacteria
and microalgae) play a major role in CO2 fixation on a global scale,
while heterotrophic decomposers, methanogens, methanotrophs,
nitrifiers, and denitrifiers control greenhouse gas production and
consumption in terrestrial and aquatic ecosystems. Changes in
temperature, precipitation, ocean acidification, and permafrost thaw
significantly drive changes in microbial community composition,
activity, and ecosystem functions. Increased degradation rates and
methanogenesis in thawing permafrost result in increased
greenhouse gas emissions, which are positive climate feedbacks.
On the other hand, microbial carbon sequestration, biological carbon
capture and methane oxidation are important natural processes that
can help reduce climate change. Predictions of microbial responses
to environmental perturbations have greatly benefited from recent
advances in metagenomics, Earth system modeling, environmental
metabolomics, and artificial intelligence. To be able to develop
evidence-based mitigation strategies, optimise carbon sequestration

technologies, and to enhance global climate models, an
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understanding of the microbial contribution to climate processes is

therefore essential (Webster, 2026).

Future Trends in Microbiology

1. Artificial Intelligence in Microbiology
2. Single-cell Microbiology
3. Metagenomics

4, Synthetic Microbiology.

Artificial Intelligence in Microbiology

The advent of artificial intelligence (Al) in the field of microbiology
has been a groundbreaking development that has allowed for the
processing of complex biological data sets that are not capable of
being processed by a traditional computational method. Machine
learning (ML), deep learning (DL), and generative artificial
intelligence (Al) are increasingly used to characterize microbial
species, predict antimicrobial resistance (AMR), and identify
bacterial virulence factors, and to speed up the discovery of
biomarkers in high dimensional multi-omics data. Automated
microbial identification based on microscopy, digital pathology, and
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) has been greatly aided by image
analysis techniques powered by atrtificial intelligence (Al), ultimately
improving the accuracy of diagnosis and decreasing the turnaround
time. Microbial genomics focuses on the use Al algorithms to

annotate genomes, predict gene functions, model protein structures,
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and perform evolutionary analyses by incorporating genomic,
transcriptomic, proteomic, and metabolomic data. Also, predictive
models are used for optimization of microbial fermentation,
simulation of metabolic networks, drug target identification and
discovery of novel antimicrobial compounds. Moreover, explainable
artificial intelligence (XAl) has emerged as a growing area of focus
as it makes Al predictive models more interpretable and clinically
applicable. Al is anticipated to transform microbial diagnostics and
epidemiological surveillance, precision medicine, and industrial
biotechnology through integration with laboratory automation, robotic
platforms, cloud computing, and digital microbiology laboratories.
With the increasing capacity of computation and biological
databases, Al is expected to play an increasingly important role in

future microbiological research and translation (Oliveira et al., 2024).

Single-cell Microbiology

The understanding of microbial physiology has been revolutionized
by single-cell microbiology, which allows study of single microbial
cells instead of the average of a population. While conventional bulk
analyses fail to detect cellular variation, single-cell technologies can
detect phenotypic heterogeneity, stochastic gene expression,
metabolic specialization, and adaptive responses in genetically
identical microbial communities. This has proven useful for the study
of unculturable microorganisms, microbial persistence, antimicrobial

tolerance, and complex microbial interactions. New technologies,
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such as fluorescence activated cell sorting (FACS), microfluidics,
laser capture microdissection, Raman micro spectroscopy and high-
resolution imaging, have facilitated the precise isolation and
characterization of individual microbial cells. These along with single
cell genomics, transcriptomics, proteomics and metabolomics offer a
new glimpse into microbial evolution, functional diversity, quorum
sensing and host — microbe interactions. From an environmental
microbiology perspective, single-cell sequencing has led to the
identification of previously un-known microbial lineages and
metabolic pathways that were missed by culture-based approaches.
Furthermore, linking with spatial transcriptomics and artificial
intelligence has improved the reconstruction of microbial community
architecture and cellular communication networks. Single-cell
microbiology is thus changing the paradigms in microbial ecology,
infectious disease study and systems microbiology, as biological
complexity is being understood at the highest possible resolution at

the cellular level.

Metagenomics

Metagenomics has transformed microbiology and is now used to
analyze the genomes of microbial communities without the need to
culture them from a variety of environmental, clinical, agricultural
and industrial samples. Metagenomic sequencing is able to detect
culturable and unculturable microorganisms and offers a

comprehensive understanding of microbial diversity, taxonomic
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composition, microbial functions and interactions. Significant
improvements have been achieved in the genome assembly,
classification and functional annotation of complex microbial
ecosystems with high throughput next generation sequencing
(NGS), long read sequencing technologies and advanced
bioinformatics pipelines. Shotgun metagenomics allows for detailed
characterization of microbial communities for metabolic pathways,
antimicrobial resistance genes (ARGs), virulence determinants,
biosynthetic gene clusters and mobile genetic elements. With
integration  of  metatranscriptomics, metaproteomics  and
metabolomics, functional interpretation of microbial activity under
dynamic environmental condition is possible. Metagenomic
technologies are essential in human microbiome studies, pathogen
surveillance, wastewater epidemiology, food safety surveillance,
environmental assessment and precision agriculture. Advancements
in bioinformatics, metagenomics using the genome sequence and
Artificial Intelligence (Al) enhanced taxonomic classification further
enhance analytical accuracy and computation efficiency. As a result,
metagenomics has emerged as one of the most influential
technologies for understanding the microbial ecosystems and for the
development of therapeutic and environmental applications based

on the microbiome (Franzosa et al.,2015).

Synthetic Microbiology
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Synthetic microbiology is an emerging interdisciplinary area that
combines synthetic biology, molecular genetics, systems biology,
metabolic engineering and computational modelling to design
microorganisms with programmable biological function. Synthetic
microbiology is different from conventional genetic engineering, in
which the components are discrete and easily exchanged into a cell,
relying on standard components, modular genetic circuits, and
genome-scale engineering to create microbial systems that exhibit
predictable behaviors for medical, industrial, agricultural, and
environmental applications. The pace of microbial engineering is
significantly accelerated thanks to recent breakthroughs in the
CRISPR—-Cas genome editing technology, DNA synthesis, genome
minimization, synthetic chromosomes, and automated design—build—
test—learn (DBTL) workflows. Synthetic microorganisms are
increasingly used for biosynthesis of pharmaceuticals, vaccines,
recombinant proteins, biodegradable polymers, biofuels, specialty
chemicals, and production of high value metabolites. There has also
been the creation of engineered consortiums of microorganisms
designed for environmental bioremediation, carbon capture, nitrogen
fixation, and sustainable biomanufacturing. Combining Al and
synthetic biology provides predictive optimization of metabolic
pathways, regulatory networks, and gene circuit performance,
greatly decreasing the complexity and time of experiments. The use
of engineered microorganisms has achieved striking advances in

technology, but biosafety and biosecurity, genetic stability, and
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ethical considerations are important issues to take into account
when using engineered microorganisms responsibly. The future
bioeconomy and precision biotechnology are therefore expected to
be one of the major driving forces of synthetic microbiology

(Orebaugh et al., 2026).

Section I

Genetics and Inheritance

Foundations of Genetics
1. DNA Structure

2. RNA Types
3. Chromosomes

4. Genome Organization

DNA Structure

Deoxyribonucleic acid (DNA) is the major constituent of the genome
in most microorganisms and is the molecule that stores the genetic
information needed for the duplication of cells, metabolism,
adaptation, and evolution. The canonical DNA is a right-handed
double helix of two antiparallel polynucleotide strands held together
by hydrogen bonding between complementary bases and by
hydrophobic base-stacking interactions. Nucleotides contain a

deoxyribose sugar, a phosphate group and one of four nitrogenous
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bases (Adenine, Thymine, Guanine or Cytosine) and Watson—Crick

base pairing ensures that A pairs with T and G pairs with C; Figure

(15-7).
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Figure (15-7): DNA Structure.

In prokaryotic microorganisms, genomic DNA usually exists in a

single circular chromosome that is situated within the nucleoid, but

there are a few taxa of bacteria with linear chromosomes, including

Borrelia and Streptomyces. Many bacteria and archaea also contain

plasmids, small molecules of autonomous extrachromosomal DNA,

that contain accessory genes that contribute to antimicrobial
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resistance, virulence, metabolic specialization and environmental
adaptation. Viral genomes are very variable in structure, ranging
from double-stranded DNA to single-stranded DNA, linear to
circular, as well as segmented viruses, depending on the viral
taxonomy. The organization of the structure of microbial DNA is
dynamic and is modulated by nucleoid-associated proteins (NAPS) —
such as HU, H-NS, Fis and IHF — that act in the control of DNA
compaction, DNA topology, replication, recombination, transcription
and genome stability. Recent improvements in the techniques of
cryo-electron microscopy, long-read sequencing, chromosome
conformation capture (Hi-C), and single molecule imaging have
greatly contributed to the knowledge of the structure of microbial
chromosomes and its connection to gene regulation, pathogenicity

and adaptive evolution (Joshi, 2026).

RNA Types

Ribonucleic acid (RNA) has a key function in microbial gene
expression, cellular regulation, adaptation to the environment, and
host—pathogen interactions. The messenger RNA (mRNA) is an
unstable intermediate between the genomic DNA and the protein
synthesis while the ribosomal RNA (rRNA) is the catalytic and
structural component of bacterial and archaeal ribosome. The role of
transfer RNA (tRNA) is to act as a molecular adaptor that can
recognize the codon in the mRNA precisely during translation by the

interaction of the anticodon and the codon regions; Figure (15-8).
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Figure (15-8): RNA Structure, types and function.
In addition to these canonical RNA classes, there are also many
regulatory non-coding RNAs (ncRNAs) that are produced by
microorganisms such as small RNAs (sRNAs), antisense RNAs,
CRISPR RNAs (crRNAs), transfer-messenger RNA (tmRNA),
riboswitches and ribozymes. These regulatory molecules affect
transcription, translation, RNA stability, stress response, quorum
sensing, biofilm formation, metabolism and antimicrobial resistance.
The CRISPR-derived RNAs are the adaptive immune system of
bacteria and archaea that allow it to recognize and degrade nucleic
acid sequences from invading bacteriophage and plasmid. The
discovery of an unexpected diversity of microbial RNA molecules
and

regulatory networks was enabled by advances in high

throughput transcriptomics (RNA-seq), direct RNA sequencing, and

types of

single cell transcriptomics. Lately, two other
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epitranscriptomic modifications have attracted the attention of
scientists, namely N6-methyladenosine (meA) and
pseudouridylation, which are shown to affect RNA stability,
translation efficiency and microbial adaptation. Altogether, RNA
molecules are not only intermediates in the process of gene
expression, but also dynamic regulators of microbial physiology and

evolution (Nawaz et al., 2026).

Chromosomes

The genetic material of a microbial chromosome consists of all of
the necessary information for the viability, replication and inheritance
of the cell. Most bacteria have a single circular chromosome whose
size is between 0.5 and more than 10 Mb, while many archaeal
species have one or more circular chromosomes with molecular
features that are both bacterial and eukaryotic. Several genera of
bacteria, such as Vibrio, Burkholderia and Brucella, however, have
multipartite genomes with multiple chromosomes containing different
replication origins. Bacterial chromosomes do not have membrane-
enclosed nuclei, and the DNA is packaged into the nucleoid by DNA
supercoiling, facilitated by DNA gyrase and topoisomerases, as well
as nucleoid-associated proteins that control the structure of the
chromosomes and the accessibility of their DNA to transcription.
Archaeal chromosomes are more complex than bacterial
chromosomes due to the presence of some histone-like proteins in

them. DNA replication begins at origin sequences (oriC) and
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proceeds in both directions in an orchestrated manner by highly
conserved replisome complexes. Proper chromosome segregation
is achieved by proteins including ParA, ParB and SMC complexes,
which result in faithful inheritance during binary fission. Studies of
microbial chromosome conformation, through Hi-C sequencing,
super-resolution microscopy, and long-read genome assembly, have
uncovered extremely organized three-dimensional structures of
chromosomes that are directly linked to microbial gene expression,

DNA replication, and genome evolution; Figure (15-9).
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Figure (15-9): Microbial Chromosome structure.

Genome Organization

The organization of genomes in microorganisms demonstrates a
very efficient genetic organization, designed for quick growth,

adaptation to the environment, and adaptive evolution. The microbial
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genome is typically divided into a conserved core genome that
contains genes for essential housekeeping functions and an
accessory genome that includes plasmids, genomic islands,
prophages, transposons, insertion sequences and integrative
conjugative elements. The genomic plasticity allows microorganisms
to quickly gain new phenotypic traits through horizontal gene
transfer, so as to adapt to new ecological niches. Bacterial genes
that specify proteins are often clustered in groups, with each group
of genes under a single regulator for coordinated transcription. The
control of gene expression is multi-layered and depends on the
presence of regulatory elements such as promoters, operators,
binding sites for transcription factors, sigma factors, riboswitches
and non-coding RNASs in response to environmental conditions. The
genes of the archaeal genome share some features with those of
bacteria, and also contain some features similar to those found in
eukaryotes, such as DNA replication and control of transcription.
Comparative genomics has led to the concept of the pan genome,
consisting of core, accessory, and strain specific genes, which has
enabled insights into microbial diversity, pathogenicity, host
adaptation and evolution of antimicrobial resistance. The
combination of long-read sequencing, metagenomics, single-cell
genomics, chromosome conformation mapping and the use of
artificial intelligence has significantly improved our knowledge of
microbial genome structure at a nucleotide and population level. The

technology continues to uncover the incredible structural and
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functional complexity of the genomes of microorganisms and their

central role in the evolution of life within cells (Zhang et al., 2026).

Genetic Processes and Regulation in Microorganisms
1. DNA Replication

2. Gene Expression (Transcription and Translation)
3. Horizontal Gene Transfer
4. Microbial Mutations and DNA Repair

5. Microbial Evolution and Genome Plasticity

DNA Replication
Replication of DNA is a semi-conservative process that is very

strictly coordinated and makes sure that the genetic information is
passed from one microbial cell to another cell in an accurate
manner. In bacteria, replication begins at a special origin of
replication (oriC) where the conserved nucleotide pattern is
recognized and unwound by the initiator protein DnaA. Parental
strands are separated by the action of DNA Helicase (DnaB) with
the help of DnaC and single-stranded DNA-binding proteins (SSBSs)
stabilize the exposed parental strands, and DNA gyrase relieves the
torsional stresses created by the separation of the parental strands.
Replication forks move in both directions and the synthesis of DNA
iIs continuous at the replication forks in one direction (the leading
strand) and discontinuous in the other (the lagging strand) by
synthesizing DNA in Okazaki fragments. Primase (DnaG) uses RNA
primers to supply free 3'-hydroxyl groups needed for DNA
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polymerization; DNA polymerase | degrades RNA primers and
replaces them with DNA. The discontinuity of daughter
chromosomes is then healed by the activity of DNA ligase. DNA
polymerases are extremely accurate in their replication activity and
post-replication mismatch repair systems also contribute to
maintenance of replication fidelity, leading to mutation rates that are
very low. In recent years, single-molecule sequencing, cryo-electron
microscopy and replisome structural analyses have uncovered
dynamic interactions between the replication proteins that have
deepened our understanding of chromosome duplication, genome

stability and adaptation in bacteria; Figure (15-10).

DNA Replication in Bacteria
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Figure (15-10): DNA replication in bacteria.

Gene Expression (Transcription and Translation)

Microorganisms regulate the expression of their genes to convert
the coded information from DNA into functional proteins, controlling

physiology and adaptation to the environment. Promoter sequences
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are recognized by RNA polymerase in the presence of sigma (o)
factors and messenger RNA is synthesized by RNA polymerase,
which is a template. Microorganisms use alternative sigma factors to
quickly shift the expression of genes when subjected to
environmental stresses like nutrient limitation, oxidative stress, heat
shock, or host immune pressure. Translation is carried out on 70S
ribosomes (30S + 50S) with the help of tRNAs that have specific
amino acids attached to them and that recognize specific codons on
the mRNA. Ribosomal RNA serves not only as the structural
framework for the ribosome, but also as the catalytic substrates that
catalyse the formation of peptide bonds by a peptidyl transferase
(ribosomal peptidyl transferase) activity. In bacteria, transcription
and translation are often not separated and protein is synthesized as
soon as MRNA is synthesized. Other factors involved in the
regulation of gene expression include operons, the presence of
transcriptional repressors and activators, riboswitches, attenuation
mechanisms, quorum sensing, CRISPR-associated regulation and
various non-coding RNAs. The use of novel technologies such as
RNA sequencing, ribosome profiling and single-cell transcriptomics
has significantly increased our knowledge of gene-regulatory
networks that control microbial metabolism, pathogenicity, stress

response and resistance to antibiotics (Kim et al., 2026).

Horizontal Gene Transfer
The horizontal gene transfer (HGT) is an evolutionary process

allowing microorganisms to gain genetic material without any vertical
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inheritance to speed up adaptation and genomic diversification.
While mutation can spread resistance genes and virulence factors
slowly from one microbial species to another, HGT can enable the
spread of these genes from one phylogenetically different microbial
species to another at a much faster rate and the acquisition of
metabolic pathways and ecological fithess. Horizontal gene transfers
are mediated by three main mechanisms: transformation,
transduction and conjugation. Transformation is the process of
extracellular DNA being taken up and incorporated into the
chromosomes of naturally competent bacteria. Bacteriophage-
mediated transfer of DNA from one bacterium to another during the
infective cycle of a virus. One of the most efficient ways of
disseminating multidrug resistance is by direct cell-to-cell contact
and plasmid mediated DNA transfer via conjugative pili. This
microbial genome plasticity is further accentuated by the presence
of additional mobile genetic elements, such as transposons,
insertion sequences, genomic islands, integrative conjugative
elements and integrons, which promote the rapid acquisition of
adaptive features (Koonin, 2016). The horizontal transfer of genes
has been shown to play a significant role in microbial evolution,
ecological adaptation, pathogenicity, and the emergence of
multidrug-resistant  bacterial lineages by modern long-read
sequencing, comparative genomics, and metagenomic analyses;

Figure (15-11).
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Figure (15-11): Horizontal Gene Transfer in microorganisms.

Microbial Mutations and DNA Repair

Mutations are permanent changes in nucleotide sequences which
create genetic variation and serve as raw material for microbial
evolution. Mutations can happen randomly during DNA replications
or after exposure to a physical, chemical or biological mutagen.
These involve point mutations, insertions, deletions, duplications,
inversions, and larger chromosomal rearrangements that could
affect gene function, cellular fitness or pathogenicity.
Microorganisms have highly conserved DNA repair systems that
they use to detect and repair DNA damage to prevent the
irreversible accumulation of mutations that can lead to genome
degradation (Sahan et al., 2025). The primary level of quality control

on the genome is proofreading activity of replicative DNA
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polymerases. There are a number of other repair pathways such as
mismatch repair (MMR), base excision repair (BER), nucleotide
excision repair (NER), homologous recombination, non-homologous
end joining (NHEJ), and the SOS response which involves co-
ordinating repair in the cell when there is serious DNA damage.
These mechanisms preserve genome stability, while full genome
repair or stress-induced mutagenesis leads to adaptive evolution
and antibiotic resistance and host adaptation. Recent structural
biology, genome-wide mutation mapping and single cell sequencing
advances have greatly contributed to knowledge of the dynamics
and mechanisms of mutations and DNA repair pathways across a

variety of microbial taxa.

Microbial Evolution and Genome Plasticity

Microbial evolution occurs as a result of the ongoing spread and
selection of variants and mutations, which can be generated by
micro-recombination, genome rearrangements, horizontal gene
transfer and mutation. The ability of microbial genomes to
reorganize, acquire, lose or modify is remarkable and is called
genome plasticity. This dynamic genomic architecture allows
microorganisms to quickly adjust to fluctuations in ecological
conditions, anti-microbial exposure, host immune responses and
nutrient availability. The core genome is responsible for basic
housekeeping functions while the accessory genome consists of

plasmids, prophages, genomic islands, transposable elements and
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other mobile genetic elements that may give rise to phenotypic
variation. Comparative genomics has shown that microorganisms
have open or closed pan-genomes that indicate their ability to
acquire new genes and their evolutionary diversification. Selective
pressures that favour mutations to a species' genes that are
beneficial and lead to the elimination of those that are deleterious
also play a role in adaptive evolution. The use of contemporary
methods such as comparative genomics, pangenomics,
metagenomics, single-cell sequencing, and the use of artificial
intelligence (Al) has significantly contributed to the understanding of
evolutionary trajectories and population dynamics of microbial
communities. These advances have brought important knowledge
about the emergence of pathogens, the dissemination of
antimicrobial resistance, the ecology of microorganisms and the
rational design of microorganisms for industrial and biomedical

applications (Sahan et al., 2025).

Genetic Variation

1. Mutations
2. Polymorphisms
3. Recombination

4, Epigenetic Modifications

Mutations
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The most important source of genetic variation and innovation is
permanent change in the sequence of nucleotides in the genome of
microorganisms, called mutations. They are generated naturally as a
result of errors in DNA replication or as a result of environmental
mutagens such as: UV radiation, ionizing radiation, reactive oxygen

species and chemical agents.

In microorganisms, mutations include  single-nucleotide
substitutions, insertions, deletions, duplications, inversions, and
large-scale chromosomal rearrangements, with each type having
distinct impacts on the function of the genes and fitness of the cells.
Mutations can be neutral, harmful or advantageous depending on
the environment and location of the mutation. Positive mutations
could increase the efficiency of a particular nutrient's use, help the
organism cope with stress, boost its disease-causing ability, or help
it become resistant to drugs that fight pathogens and diseases.
Positive mutations may make the organism more efficient at utilizing
a given nutrient, withstand stressors, become more virulent, or
become resistant to antimicrobial agents. On the other hand,
deleterious mutations are kept at a minimum by highly conserved
proofreading activities of DNA polymerases and by several DNA
repair pathways, such as mismatch repair, base excision repair and
nucleotide excision repair. Transiently higher mutation rates, driven
by stress-induced mutagenesis, e.g. by the SOS response of
bacteria, can lead to an increase in mutation rates during adverse

environmental conditions and thereby favor adaptive evolution.
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Advances in mutation accumulation experiments, long-read
sequencing and single-cell genomics over the past few years have
revealed that mutation rates are shaped by genome architecture, the
timing of replication and ecological niche. There is therefore no need
to reorder the importance of mutations as the basic substrates of
diversification and genome evolution in microbial populations and of

the development of antimicrobial resistance (Lee et al., 2025).

Polymorphisms

Genetic polymorphisms are naturally occurring polymorphisms in the
DNA sequence that exists in microbial populations and are important
factors in intraspecies diversity and ecological adaptation.
Polymorphisms exist in the population and are not random
mutations occurring in individual cells and are maintained in the
population at appreciable frequency by natural selection, genetic
drift or population expansion. These are typically single nucleotide
polymorphisms (SNPs), short insertions and deletions (indels),
variable number tandem repeats (VNTRS), copy number variations
(CNVSs) and structural genomic variants. Polymorphisms affect many
biological characteristics in microorganisms such as metabolic
efficiency, environmental fitness, virulence, host specificity and
antimicrobial agent resistance. SNPs in non-coding regions of the
genome have been shown to be important in comparative genomic
studies for altering promoter function, transcription factor binding,

and gene expression. The analysis of microbiological
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polymorphisms at the whole genome level is now essential and
essential for molecular epidemiology, for phylogenetic analysis, for
outbreak investigation and for antimicrobial resistance surveillance.
The characterization of genomic diversity of microorganisms across
environmental and clinical isolates has been greatly enhanced by
whole genome sequencing, pangenome analysis and population
genomics. Combined with the use of comparative genomics, the
integration of artificial intelligence with these polymorphic variants
enables the prediction of functional consequences, thus enhancing
our understanding of microbial adaptation and evolution (Motlhanka

et al.,2026).

Recombination

Genetic recombination is one of the basic mechanisms which can
lead to the exchange or rearrangement of DNA molecules, thus
creating diversity at the genetic level. For microorganisms,
recombination is a mechanism that allows the construction of new
combinations of genetic information that can be used to provide
genome repair, chromosome segregation, adaptation and
evolutionary innovation. Homologous recombination is between
highly similar DNA sequences and is mostly mediated by the RecA
protein recombinase and proteins that help catalyze strand invasion
and Holliday junction resolution. This pathway is crucial to repair
double-strand DNA breaks and to preserve chromosome integrity.

Genomic rearrangements can occur without much homology; this is
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the case for non-homologous recombination, which involves site-
specific recombination and transposition. In addition, recombination
is linked to horizontal gene transfer (HGT) via transformation,
transduction and conjugation, facilitating the stable integration of
foreign DNA into microbial genomes. These processes enable the
transfer of antimicrobial resistance genes, virulence factors and
specialized metabolic pathways within and between phylogenetically
distinct microbes. Comparative genomics, long-read sequencing and
chromosome conformation analysis of recent applications have
shown that recombination is a major force in the pangenome
expansion and genome plasticity of microbes. Therefore,
recombination is a significant evolutionary mechanism that
increases adaptability, ecological diversification and long-term

survival in different microbial ecosystems (Perveen et al., 2025).

Epigenetic Modifications

Epigenetic changes are molecular changes that alter the expression
of genes but do not alter the nucleotide sequence of the DNA itself
and are passed down through generations. In microorganisms,
epigenetic regulation occurs mainly through DNA methylation,
nucleoid-associated proteins and regulatory non-coding RNA, which
allows a rapid adaptation to changing environmental conditions.
DNA methylation involves the modification of DNA-by-DNA
methyltransferases, which can modify either adenine (N6-

methyladenine; 6mA) or cytosine (5-methylcytosine; 5mC and N4-
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methylcytosine; 4mC), and affects DNA replication, chromosome
segregation, mismatch repair, and transcriptional regulation. DNA
methylation is not only involved in the restriction—modification
systems to defend against invading bacteriophages in bacteria, but
also a global regulatory mechanism of virulence, biofilm formation,
guorum sensing, sporulation, and host colonization. Epigenetic
heterogeneity can induce phenotypic diversity in genetically identical
cells, increasing microbial survival in stress conditions and aiding in
microbial persistence during infection. The development of single-
molecule real-time (SMRT) sequencing, nanopore sequencing,
epigenomics and the integration of multi-omics has led to the
development of microbial DNA methylation maps spanning the
whole genome and their regulation. New research also indicates that
epigenetic processes play a role in adaptive responses, host—
microbiome interactions, and bacterial memory. As a result,
microbial epigenetics has emerged as a burgeoning field with
significant implications for infectious disease biology, antimicrobial
resistance, synthetic biology and precision microbiology (Bu et al.,

2025).

Microbial Epigenetics

1. Definition of microbial epigenetics
2. Historical development
3. Differences between microbial and eukaryotic epigenetics

4, Biological significance
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Definition of Microbial Epigenetics

Microbial epigenetics is an emerging field of research focused on
the study of heritable and reversible changes to the molecular
structure of genes that control the expression of genes and
phenotypes in the cell, without changing the sequence of the
underlying genome. Epigenetics is an area of study that looks at
changes in the activity of the genome in response to environmental
or physiological factors, whereas classical genetics examines
permanent changes in the sequence of DNA. Epigenetic regulation
in microorganisms is mainly controlled by DNA methylation, nucleoid
associated proteins (NAPs), regulatory non-coding RNAs and more
recently RNA modifications (so-called epitranscriptomics). These
mechanisms affect the regulation of chromosome replication, DNA
repair, transcription control, virulence, metabolic changes, and host—

microbe interactions; Figure (15-12).
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Figure (15-12): Microbial Epigenetics and its mechanism.
DNA methylation is the most well-studied microbial epigenetic

modification, and is typically mediated by sequence-specific DNA
methyltransferases that methylate adenine (N6-methyladenine,
6mA), cytosine (5-methylcytosine, 5mC), or cytosine (N4-
methylcytosine, 4mC). They are first known for their involvement in
restriction—modification systems and are now known to be global
regulators of transcription, DNA replication, chromosome
segregation, and phase variation. In recent years, the dynamic and
widespread nature of microbial epigenetic regulation has been
revealed by advances in single-molecule real-time (SMRT)
sequencing, Oxford Nanopore sequencing and genome-wide
methylome analysis. Therefore, the study of microbial epigenetics
has become a new and indispensable field of biology that integrates

genome organization with adaptive physiology, pathogenicity and
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evolutionary plasticity, with new possibilities in precision
microbiology, infectious disease research and biotechnology (Bu et

al., 2025).

Historical Development

The term epigenetics was first used in the 1940s by Conrad
Waddington to refer to interactions between genes and
developmental processes. Epigenetic studies were mostly restricted
to studies in multicellular eukaryotes where epigenetic modifications
(DNA methylation and histone modifications) of the genome were
known to play a major role in differentiation and development for

several decades (Waddington, 1940).

In microorganisms, however, the study of DNA methylation had
been confined largely to restriction—modification systems, which
identify self from non-self-DNA of bacteria in order to prevent them
from being infected by bacteriophages. In the late 1990s, molecular
genetic analysis discovered that bacterial DNA methyltransferases,
including the Dam and CcrM methyltransferases, also play roles in
chromosome replication, mismatch repair, gene regulation and
control of the cell cycle. With the discovery of the full genome
sequences of microbial organisms in the early 2000s, conserved
MFs and methylation motifs were found in a wide range of bacteria
and archaea. Advances have been made with the advent of Pacific
Biosciences (PacBio) Single-Molecule Real-Time (SMRT)

sequencing and Oxford Nanopore sequencing that were able to
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detect DNA methylation genome-wide without chemical modification
or antibody enrichment. The technologies revealed large microbial
methylomes and that the regulation of epigenetics affects virulence,
biofilm  formation, antimicrobial resistance, environmental
adaptation, and phenotypic heterogeneity (Lindon et al., 2011). In
more recent years, the combination of epigenomics with the other
omics, namely transcriptomics, proteomics, metabolomics and
artificial intelligence, has ushered in a new era of microbial
epigenetics that has wide-ranging implications for microbiology,

biotechnology and precision medicine.

Differences between Microbial and Eukaryotic
Epigenetics

While there are important differences between the molecular
components, biological functions, and complexity of the regulatory
systems involved in epigenetic control of gene expression in both
microorganisms and eukaryotes, the epigenetic mechanisms
themselves are similar. Epigenetic regulation in eukaryotes is mainly
achieved by DNA methylation, post-translational modification of
histones, chromatin remodeling complexes and regulatory non-
coding RNAs. Multilayered control of genome accessibility and
transcription is achieved by the presence of nucleosomes and
higher order chromatin architecture. Bacteria, on the other hand,
have no canonical histones or nucleosomal chromatin. They are

mainly epigenetically regulated by DNA methylation, nucleoid
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associated proteins (HU, H-NS, Fis, IHF), small regulatory RNAs
and RNA modifications. In microorganisms, methylation is primarily
of N6-methyladenine (6mA) and N4-methylcytosine (4mC) while in
eukaryotes the main target is 5-methylcytosine (5mC). Additionally,
microbial methylation can be used in two different ways: as part of a
restriction—modification system, or as a regulator of DNA replication,
chromosome segregation, mismatch repair, phase variation and
expression of virulence genes. Microbial responses to epigenetics
are typically short term, adaptive, and reversible to environmental
changes, allowing for fast adaptation to changes in ecological
conditions. In contrast, the epigenetic changes in eukaryotes are
often involved in long-term developmental programming and cell
differentiation (Miller et al., 2026). While these differences exist,
emerging insights into comparative epigenomics are identifying
conserved mechanisms that regulate gene expression across all
domains of life, suggesting epigenetics as a universal mechanism
that bridges the environment and the genome with cellular
phenotype; Table (15-2).

Table (15-2): Comparison Between Microbial and Eukaryotic Epigenetics.
Feature Microbial Epigenetics Eukaryotic Epigenetics

DNA methylation (6mA, 4mC),

Primary . : . DNA methylation (5mC),
. . nucleoid-associated proteins . e
Epigenetic . histone modifications,
: (HU, H-NS, Fis, IHF), . :
Mechanism chromatin remodeling,

regulatory small RNAs _
L regulatory non- ng RNA
) (sRNAs), RNA modifications egulatory non-coding S

DNA No canonical histones or DNA wrapped around
Packaging  nucleosomes (except histone-  histones forming
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Feature

Major DNA
Methylation
Types

Main
Biological
Functions

Regulatory
Complexity

Response
to
Environmen
tal Signals

Gene
Regulation
Component
S

Evolutionar
y Role

Representat
ive
Epigenetic
Marks

Research
Technologie

Microbial Epigenetics

like proteins in Archaea);
chromosome organized by
NAPs

N6-methyladenine (6mA), N4-
methylcytosine (4mC), limited
smC

Regulation of DNA replication,
chromosome segregation,
mismatch repair, phase
variation, virulence, restriction—
modification systems

Relatively simple and highly
responsive to environmental
changes

Rapid, reversible, and adaptive

DNA methyltransferases,
transcription factors, NAPs,
sRNAs, RNA modifications

Enhances adaptation, genome
plasticity, antimicrobial
resistance, and host—pathogen
interactions

6mA, 4mC, RNA modifications

SMRT sequencing, Oxford
Nanopore sequencing,
methylome analysis, bacterial
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Eukaryotic Epigenetics

nucleosomes and higher-
order chromatin

Predominantly 5-
methylcytosine (5mC)

Regulation of gene
expression, embryonic
development, cell
differentiation, genomic
imprinting, X-chromosome
inactivation

Highly complex and
multilayered due to
chromatin organization

Generally slower, supporting
long-term developmental
programs and stable cellular
identity

DNA methyltransferases,
histone-modifying enzymes,
chromatin remodelers,
MiRNAs, IncRNAs

Maintains tissue-specific
gene expression,
developmental regulation,
and organismal homeostasis

5mC, histone acetylation,
histone methylation, histone
phosphorylation

Bisulfite sequencing, ChiIP-
seq, ATAC-seq, single-cell
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Feature Microbial Epigenetics Eukaryotic Epigenetics

S epigenomics epigenomics

Biological Significance

Epigenetic regulation is intrinsic to the physiology of microorganisms
and allows them to adjust gene expression in a short time without
changing the genomic DNA. The regulatory flexibility enables the
microbial populations to adapt to environmental changes, nutrient
deficiency, oxidative stress, exposure to antimicrobials and host
immune response efficiently. The methylation of DNA, the presence
of regulatory RNAs and nucleoid-associated proteins are important
to coordinate vital cellular functions such as DNA replication, DNA
repair, cell division, metabolic regulation and stress adaptation.
Epigenetic regulation of virulence genes, adhesins, secretion
systems, toxins and proteins associated with biofilm in pathogenic
microorganisms. Phenotypic heterogeneity (phenotypic differences)
within genetically identical populations is established by reversible
DNA methylation, enabling subpopulations of cells to escape host
defence or resist antimicrobial therapy. Epigenetic regulation has
also been linked to quorum sensing, sporulation, persistence,
colonization of the host, and microbial community dynamics.
Epigenetic changes in environmental microorganisms enable them
to adapt to extreme temperature, salinity, pH, nutrient availability
and oxidative stress, thereby improving their ecological resilience;

Figure (15-13).
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Biological Significance of Microbial Epigenetics

Epigenetic regulation enables microbes to adapt, survive and interact with their environment
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Figure (15-13): Biological Significance of microbial epigenetics.

Epigenetic variation has also been shown to play a role in microbial
evolution in recent studies, affecting horizontal gene transfer,
mutation rates and genome plasticity. Recent advances in high-
resolution methylome mapping, single-cell epigenomics and multi-
omics integration have shed light on the complexity of microbial
epigenetic networks, which are much more intricate than thought. In
this regard, microbial epigenetics is an emerging area of research
for the creation of new antimicrobial drugs, precision diagnostics,
synthetic biology systems, microbiome engineering, and industrial
biotechnology, revealing epigenetic regulation as a key component

of microbial adaptability, evolution and functional diversity.

Functional Genomics
1. Transcriptomics
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2. Proteomics
3. Metabolomics

4, Systems Biology

Functional Genomics

Functional genomics is a post-genomic branch of the genome
studies that aims to understand the biological activity of the genome
at the levels of the cell and of the whole system. In contrast to
classical genetics that are mostly concerned with gene structure,
inheritance and variation in gene sequence, the goal of functional
genomics is to understand the dynamic interactions of genes,
transcripts, proteins, metabolites and phenotypic traits. In
microorganisms, functional genomics combines the new high
throughput technologies with computational biology to determine
what functions are carried out by different genes, how they regulate
one another, and what molecular pathways are followed in the
physiology, environmental adaptation, pathogenicity and metabolic
diversity of microorganisms. Many genome sequences of bacteria,
archaea, fungi, and viruses have been sequenced, and the focus of
microbiological research has now shifted from sequencing to
functional interpretation. New methods integrate transcriptomics,
proteomics, metabolomics, comparative genomics and systems
biology to describe responses of the genome under different
environmental and physiological conditions. With functional genomic

analysis, key genes, regulatory pathways, virulence factors,
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resistance genes, and metabolic pathways can be identified that
cannot be fully understood based on sequence analysis alone. The
analytical capacity of functional genomics has grown significantly
with the development of next-generation sequencing (NGS), single-
cell omics, long-read sequencing, and the development of CRISPR-
based functional screening, as well as with the advent of artificial
intelligence (Al). This discipline has thus been made essential for
precision microbiology, synthetic biology, industrial biotechnology,
microbial engineering and the creation of new antimicrobial
therapeutics by connecting genotype with phenotype through

comprehensive integration of multi-omics (Pant et al.,2026).

Transcriptomics

Transcriptomics is the profiling of all the RNA molecules generated
from the microbial genome under specific physiological or
environmental conditions. Together these are called the
transcriptome, which includes messenger RNAs (mMRNA), ribosomal
RNAs (rRNA), transfer RNAs (tRNA), small regulatory RNAs
(sRNAs), antisense RNAs, CRISPR RNAs, and other non-coding
RNAs that regulate microbe gene expression. The transcriptome is
more dynamic and sensitive to environmental signals, nutrients, host
interactions and cellular stress than genomic DNA. Due to its high
sensitivity, wide dynamic range and ability to resolve the nucleotide
level, RNA sequencing (RNA-seq) is currently the main technology

used for transcriptomic studies. Recent developments have led to
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the characterization of transcriptional heterogeneity in microbial
populations and enhanced operon identification and characterization
of transcript isoforms and regulatory RNAs with the aid of single-cell
transcriptomics and long-read RNA sequencing. Transcriptomic data
is essential for understanding virulence regulation, quorum sensing,
antimicrobial resistance, metabolic adaptation and interactions
among microbial communities. Combination of transcriptomic data
with genomic, proteomic and metabolomic data allows the
reconstruction of regulatory networks and the prediction of gene

functions (Ju & Liu, 2026).

Proteomics

Proteomics is an undertaking that involves studying the whole set of
proteins that the microorganism produces in a specific physiological
condition. Proteome represents the direct picture of microbial
phenotype and biological activity as proteins perform almost all the
cellular functions. In contrast to the genome, which is relatively
stable, the microbial proteome is rather dynamic and changes
depending on the environmental conditions, developmental stage,
nutrient status and cellular stress. In this sense, proteomic analysis
can give information on the function that can not be deduced only
from the genomic or transcriptomic information. The field of modern
microbial proteomics is mostly dependent on high-resolution mass
spectrometry, LC-MS/MS, quantitative labeling strategies and

bioinformatics pipelines, to identify, quantify and characterize
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proteins and their post-translational modifications. Proteomic studies
have greatly contributed to understanding microbial metabolism,
virulence factors, secretion systems, proteins associated with
biofilm, antimicrobial resistance, stress-response pathways and
host/pathogen interaction. Comparative Proteomics can also be
used to identify vaccine candidates, therapeutic targets and
biomarkers by comparing the expression of proteins from various
strains or environmental conditions. Integration of proteomic data
with transcriptomic and metabolomic data using multi-omics
approaches has helped to better reconstruct regulatory networks
and to predict microbial cellular behavior. Thus, proteomics is an
important part of functional genomics and systems microbiology

(Ogunjobi et al.,2026).

Metabolomics

Metabolomics is an analytical technique that investigates the entire
set of low molecular weight products of microbial cell metabolism.
The metabolites, such as amino acids, organic acids, sugars,
nucleotides, lipids and secondary metabolites, are the ultimate result
of gene expression and enzymatic activity and thus the most direct
molecular reflection of the microbial phenotype. Metabolomics can
provide useful information for understanding physiological
adaptation, nutrient utilization, stress responses and microbial
interactions, since metabolic profiles change rapidly in response to

environmental fluctuations. The metabolome of microorganisms can
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be characterized with high sensitivity and specificity by using
analytical platforms like nuclear magnetic resonance (NMR)
spectroscopy, gas chromatography—mass spectrometry (GC-MS),
liquid chromatography—mass spectrometry (LC-MS) and capillary
electrophoresis—mass spectrometry (CE-MS). Metabolomics has
helped to discover new antibiotics, microbial signaling molecules,
industrial metabolites and pathogenicity and antimicrobial resistance
biomarkers in microorganisms. Combining metabolomics with
genomics, transcriptomics, and proteomics facilitates the detailed
mapping of metabolic pathways and identification of the regulatory
bottlenecks that affect microbial physiology. As a result,
metabolomics is now widely being used as a key tool in systems
microbiology and functional genomics, and is applicable to
metabolics  engineering, synthetic  biology, environmental
biotechnology, microbiome studies, and precision medicine

(D’Agostino et al.,2026).

Systems Biology

Systems biology is an integrative discipline aimed at understanding
microorganism Systems biology is an integrative discipline aimed at
understanding microorganisms as a whole system of biological
components instead of as a set of genes or proteins. Systems
biology integrates genomics, transcriptomics, proteomics,
metabolomics, computational modelling and network biology to

create a reconstruction of the way that microbial physiology,
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metabolism, adaptation and evolution are regulated by complex
molecular interactions. This comprehensive approach allows the
prediction of cell behavior under various environmental and genetic
conditions. Systems biology has greatly contributed to the
understanding of (i) gene regulatory networks, (i) metabolic fluxes,
(i) signaling pathways, (iv) quorum sensing, (v) stress responses,
and (vi) host—microbe interactions in microorganisms. More and
more, genome-scale metabolic models (GEMSs), constraint-based
modeling, machine learning and artificial intelligence are being used
to simulate microbial metabolism, to predict genes that are essential
to the cell and to optimize microbial metabolic processes for
industrial bioprocesses. Combination of multi-omics datasets
enables detailled understanding of  genotype—phenotype
connections, including rational strain design, synthetic biology,
discovery of new antimicrobial targets, and microbiome research.
The predictive power of systems biology has been further improved
by recent developments in single-cell multi-omics, spatial
transcriptomics, and digital twin modelling. Systems biology has thus
emerged as an important tool for the modern study of
microorganisms and is being used in a number of ways, including
the ability to integrate molecular genetics with computational science
to allow for precision microbiology and the speeding up of
innovations in biotechnology, environmental microbiology and
biomedical research.s as a whole system of biological components

instead of as a set of genes or proteins. Systems biology integrates
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genomics, transcriptomics, proteomics, metabolomics,
computational modelling and network biology to create a
reconstruction of the way that microbial physiology, metabolism,
adaptation and evolution are regulated by complex molecular
interactions. This comprehensive approach allows the prediction of
cell behavior under various environmental and genetic conditions.
Systems biology has greatly contributed to the understanding of (i)
gene regulatory networks, (i) metabolic fluxes, (iii) signaling
pathways, (iv) quorum sensing, (v) stress responses, and (vi) host—
microbe interactions in microorganisms. More and more, genome-
scale metabolic models (GEMs), constraint-based modeling,
machine learning and artificial intelligence are being used to
simulate microbial metabolism, to predict genes that are essential to
the cell and to optimize microbial metabolic processes for industrial
bioprocesses. Combination of multi-omics datasets enables detailed
understanding of genotype—phenotype connections, including
rational strain design, synthetic biology, discovery of new
antimicrobial targets, and microbiome research. The predictive
power of systems biology has been further improved by recent
developments in single-cell multi-omics, spatial transcriptomics, and
digital twin modelling. Systems biology has thus emerged as an
important tool for the modern study of microorganisms and is being
used in a number of ways, including the ability to integrate molecular
genetics with computational science to allow for precision

microbiology and the speeding up of innovations in biotechnology,
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environmental microbiology and biomedical research (Suhail et

al.,2026).

Modern Genome Technologies

1. Whole Genome Sequencing
2. Long-read Sequencing
3. Single-cell Sequencing

4, Spatial Transcriptomics

Whole Genome Sequencing
Whole Genome Sequencing (WGS) is the ability to obtain the

complete nucleotide sequence of an organism's genome at a single
base resolution. WGS has transformed microbial genetics by
allowing the simultaneous identification of coding sequences,
regulatory elements, mobile genetic elements, antimicrobial
resistance determinants and virulence-associated genes in bacteria,
archaea, fungi and viruses. WGS can be performed without
targeting particular genes, giving a comprehensive and unbiased
view of the whole microbial genome and enabling high-level
analyses of genetic diversity, genome organization and evolutionary

relationships; Figure (15-14).

152



NV WG [ FEE R PR

WHOLE GENOME SEQUENCING (WGS)
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Figure (15-14): Whole Genome Sequencing and its applications.
Next generation sequencing (NGS) platforms, such as Illumina,

have made sequencing much cheaper, faster and more precise than
ever before. Comparative genomics, molecular epidemiology,
outbreak surveillance and phylogenetic reconstruction have become
essential applications of the whole genome sequencing. In clinical
microbiology, WGS can be used to rapidly identify pathogenic
microbes, detect the presence of genes that confer resistance
against antimicrobial drugs, and track the spreading of a pathogen in
relation to an outbreak in health care settings. WGS is used in
environmental microbiology to describe unculturable
microorganisms and discover new metabolic pathways via
metagenome-assembled genomes (MAGs). With the recent
integration of WGS, artificial intelligence, cloud-based

bioinformatics, and automated genome annotation, genome
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interpretation and functional prediction have been speeded up.
Thus, WGS has emerged as a key tool in modern microbial
genomics, offering detailed genome information for microbial
diversity, adaptation, and evolution, and aiding applications ranging
from precision medicine to biotechnology and public health (Singh et

al., 2026).

Long-read Sequencing

Long-read sequencing is a sophisticated genomic sequencing
technology that can produce longer DNA sequence reads (up to
hundreds of kilobases) to address many of the short-read
sequencing limitations. The two major long-read platforms, Pacific
Biosciences Single-Molecule Real-Time (SMRT) sequencing and
Oxford Nanopore sequencing, have the ability to sequence long
DNA molecules continuously while retaining the structural and
epigenetic information. These technologies have helped to
significantly advance the microbial genome assembly, as they have
been able to assemble repetitive DNA, plasmids, genomic islands,
insertion sequences, and complex chromosomal rearrangements
that are often split between short read assemblies. In addition to
genome assembly, long-read sequencing allows for direct detection
of DNA methylation and other epigenetic modifications without
chemical modification, especially valuable for microbial
epigenomics. The accurate characterization of operons, transcription

start sites and regulatory RNA molecules can also be achieved by
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full-length transcript sequencing. Long-read sequencing aids in the
full reconstruction of antimicrobial resistance plasmids, mobile
genetic elements, and horizontal gene transfer events in clinical and
environmental microbiology. Hybrid assembly methods that integrate
long and short reads yield very high quality, near-complete microbial
genomes for comparative and evolutionary analysis (Waris et al.,
2026). Accuracy is continually increasing through sequencing
chemistry, base-calling algorithms and artificial intelligence, offering
cost reduction and reduced complexity. As a result, long-read
sequencing is now an essential tool for the in-depth analysis of the

microbial genome and functional genomics; Figure (15-15).
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Figure (15-15): Long read sequencing.
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Single-cell Sequencing

Single-cell sequencing is a revolutionary genomic technology that
can be used to study the total molecular content of a single cell
instead of a diverse population of microorganisms. Typical genomic
and transcriptomic assays capture an average signal from millions of
cells that can obscure phenotypic heterogeneity and rare
subpopulations. However, single-cell sequencing shows that the
genome, gene expression, and regulation of a cell vary from one cell
to another, offering unprecedented understanding of microbial
diversity and population dynamics. With recent developments in
microfluidics, whole genome amplification, fluorescence-activated
cell sorting (FACS) and droplet-based technologies, the sensitivity
and accuracy of microbial single cell analyses have significantly
benefitted. Single-cell genomics has enabled the recovery of
genomes of microorganisms that were once unculturable from
environments and host-associated ecosystems, thereby adding to
the known microbial tree of life. Single-cell transcriptomics can also
be used to study stress adaptation, biofilm formation, quorum
sensing, host-pathogen interactions, and exposure to antimicrobials
to assess the transcriptional heterogeneity of the cells. Linkage to
long-read sequencing and multi-omics approaches enables
simultaneous  characterization of genomic, transcriptomic,
epigenomic and metabolic features in individual cells. They have
implications in microbial ecology, infectious diseases, synthetic

biology, and microbiome research. As such, single-cell sequencing
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is one of the most versatile technologies available to reveal the
function, evolution and ecological interactions of microorganisms at

the highest biological resolution.

Spatial Transcriptomics

Spatial transcriptomics is an emerging technology that can be used
to identify the spatial expression of genes in intact biological
structures, using high throughput RNA sequencing and spatial
information. Unlike traditional transcriptomic techniques that require
tissue or sample homogenization, spatial transcriptomics maintains
the spatial structure of microbial communities and host tissue, while
at the same time providing a spatial map of gene expression. This
allows researchers to understand the interaction between a
microbial cell and other cells in its natural environment. Spatial
transcriptomics was first applied to eukaryotic tissues, but recent
advances in imaging technologies, RNA capture platforms,
fluorescence in situ hybridization (FISH), multiplexed sequencing,
and computational image analysis are making it more suitable for
microbiological studies. These advances have allowed for detailed
study of biofilm architecture, polymicrobial infections, microbial
colonization,  host—microbiome interactions, and metabolic
specialization among complex microbial communities.
Comprehensive multidimensional maps of microbial function and
ecological organization that integrate spatial transcriptomics with

metagenomics, proteomics, metabolomics and artificial intelligence.
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Possible emerging applications include precision diagnostics,
microbial ecology, infectious disease research and synthetic
microbial consortia engineering (Liu et al.,, 2026). With the
development of more powerful sequencing technologies and
improved computational approaches, spatial transcriptomics will be
a key technology to elucidate the spatial regulation of microbial gene
expression and the spatial structure of microbial ecosystems; Figure

(15-16).
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Figure (15-16): Spatial Transcriptomics

Al and Bioinformatics in Genetics
1. Machine Learning

2. Variant Interpretation

3. Gene Network Analysis
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4, Precision Genomics

Machine Learning

This rise of machine learning (ML) has made it one of the most
groundbreaking computational techniques in microbial genetics,
allowing for the discovery of biological meaningful patterns from the
rapidly growing omics and genome data. Machine learning is a
subfield of Al that uses statistical algorithms that can learn complex
relationships from data without being explicitly programmed.
Supervised, unsupervised and deep Ilearning models are
increasingly being used in microbial genomics for gene function
prediction, microbial species classification, identification of
antimicrobial resistance determinants, identification of virulence
associated genes, and evolutionary relationship inference from large
genome scale. With the advent of so-called next generation
sequencing (NGS) technology it is now possible to obtain vast
amounts of microbial genome data that surpass the analytical
capabilities of traditional approaches to bioinformatics. To tackle this
challenge, machine learning has been successfully used to leverage
genomic, transcriptomic, proteomic, metabolomic, and phenotypic
data to discover hidden biological signatures and predictive
biomarkers. Deep neural networks, random forests, support vector
machines, and graph-based learning algorithms have shown
outstanding performance in protein function prediction, regulatory

elements identification, pathogenic potential and horizontal gene
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transfer events prediction. Additionally, machine learning can be
used to automate genome annotation, metagenomic classification,
outbreak surveillance, and synthetic biology applications
optimization. The adoption of explainable artificial intelligence (XAl)
has also further promoted the biological interpretability of predictive
models, boosting confidence in both clinical and research
applications. As such, machine learning has emerged as a critical
tool in  microbial genetics, rapidly advancing the field's
understanding of genomes, gene function, and precision

microbiology (Pandey et al.,2026).

Variant Interpretation
Variants are systematically assessed and characterized for their

biological significance and potential functional consequences, which
is known as variant interpretation. This is a fundamental process in
microbial genetics that differentiates neutral polymorphisms from
mutations that affect pathogenicity, antimicrobial resistance,
metabolic potential, environmental adaptability and evolutionary
fitness. The high number of genomic variants found in microbial
populations is commonplace in modern sequencing technologies
and requires sophisticated computation methods to accurately
interpret the biological significance of these variants. Variant
interpretation combines comparative genomics, evolutionary
conservation, structural biology, functional annotation and machine
learning to evaluate the importance of single nucleotide

polymorphisms (SNPs), insertions, deletions, copy number variation,
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structural rearrangement and mobile genetic elements. For example,
using specific databases and predictive algorithms, one can assess
the effects of particular variants on protein stability, enzyme activity,
regulatory sequences, transcription factor binding sites and RNA
secondary structure. In pathogenic microorganisms, accurate variant
interpretation aids in defining the correct trends of resistance-
conferring mutations, virulence-associated alleles and outbreak-
specific genetic markers to guide molecular epidemiology and
clinical decisions. The analysis of complex genomic variants has
greatly benefited from new technologies in long read sequencing,
pangenome analysis and artificial intelligence, especially in
repetitive regions and accessory genomes. Advances in microbial
genomic databases will mean that an increasing number of
microbes will have their genomes sequenced, and with this will
come an increasing amount of data on what may constitute a
microbial variant and its implications (Pandey et al.,2026). Variant
interpretation is becoming a significant part of precision
microbiology, which will enable detailed genotype—phenotype
correlation and enhance the diagnostic and surveillance value and

target identification in therapies.

Gene Network Analysis

Systems-level analysis of gene networks to address how genes
regulate microbial cellular processes in a coordinated manner.

Network analysis is not just about single genes, but it helps to
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identify complex interactions between different genes that play a role
in metabolism, stress responses, pathogenicity, cell division and
environmental adaptation. Such a comprehensive view is becoming
even more critical as microbial genomes are understood as highly
interconnected regulatory systems. Datasets from transcriptomics,
proteomics, epigenomics, metabolomics and comparative genomics
are combined in an advanced manner in order to reconstruct gene
regulatory networks. Network topology helps to pinpoint regulatory
hubs, signaling cascades, transcription factors, and key genes that
stabilize cellular activities. The prediction of regulatory interactions
and dynamic cellular responses has been much improved in recent
years through the use of graph theory, Bayesian inference, machine
learning, and the use of artificial intelligence. In the field of microbial
genetics, analysis of gene networks has helped identify quorum-
sensing pathways, antimicrobial resistance networks, virulence
regulatory pathways, genes associated with biofilms, and metabolic
adaptation pathways. Combined with CRISPR-based functional
screening and single-cell transcriptomics, it can further validate the
predicted regulatory interactions at an unprecedented resolution (Ali
& Siraj, 2026). Consequently, gene network analysis provides a
comprehensive framework for understanding microbial genome
function, supporting rational drug discovery, metabolic engineering,

synthetic biology, and systems microbiology; Figure (15-17).
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Figure (15-17): Gene Network Analysis.

Precision Genomics

Precision genomics is an emerging, super personalized genomics
system that combines whole genome sequencing, multi-omics
technologies, bioinformatics and artificial intelligence to provide very
personalized genomic insights for microbial identification,
surveillance, diagnosis, and therapeutic intervention. Precision
genomics explores strain-level genomic variation, regulation,
resistance determinants to antimicrobial agents, virulence factors,
and evolution with single nucleotide resolution, in contrast to the

species-level characterization that is the main focus of traditional

163



aa e et ap | gl s Byl bl LIS

genomic analyses. Precision genomics has revolutionized clinical
microbiology in microbial genetics, enabling the speedy identification
of pathogens, the ability to track outbreaks in real-time, to predict
antimicrobial resistance, and to conduct genomic epidemiology.
Accurate genotype-phenotype correlation and personalized
antimicrobial drug therapy can be achieved through the integration
of genomic, transcriptomic, epigenomic, proteomic and metabolomic
data. Additional methods of complex microbial population
characterization and characterization of  host—-microbiome
interactions include long-read sequencing, single-cell genomics,
pangenome analysis and spatial transcriptomics. Al and cloud-
based bioinformatics systems speed-up automated genome
interpretation, predictive modeling, and clinical decision support,
enhance scalability, and ensure analytical reproducibility. In addition
to infectious disease research, precision genomics has a significant
impact on industrial biotechnology, synthetic biology, environmental
microbiology, microbiome engineering and microbial strain
optimization. With the continued evolution of sequencing
technologies and the development of more sophisticated
computational approaches, precision genomics will be the
foundation of next-generation microbial genetics and will allow for
more accurate prediction of microbial behavior, evolution and
functional diversity in a variety of biological systems (Singh et al.,

2026).
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Section I

Scientific Applications of Microbiology and Genetics

Medical Microbiology

1. Infectious Disease Diagnosis
2. Vaccines
3. Antimicrobial Therapy

4, Rapid Molecular Diagnhostics

Infectious Disease Diagnosis

Microbiology and genetics have played a crucial role in the correct
diagnosis of infectious diseases, one of the most relevant
applications in modern medicine. Accurate and timely diagnosis of
microbial pathogens is critical for the proper treatment of infection,
control, surveillance for public health and prevention of antimicrobial
resistance. The traditional techniques such as microscopy, microbial
culture, biochemical characterization, and others are still essential in
clinical microbiology as they offer direct evidence of the viability of
the pathogen and susceptibility to antimicrobial agents (Ryan et al.,
2022). However, these methods can be labour-intensive and are not
successful for fastidious, slow growing or non-cultivable
microorganisms. In recent years, molecular genetics has brought
about significant advances in the diagnosis of infectious diseases

with the introduction of genome-based pathogen identification and
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nucleic acid amplification technologies. The polymerase chain
reaction (PCR), gquantitative PCR (gqPCR), digital PCR, multiplex
PCR and isothermal amplification methods are able to detect
microbial DNA or RNA extremely quickly, sensitively and with great
specificity. Comprehensive identification of bacterial, viral, fungal
and parasitic pathogens without prior culture can also be achieved
through next-generation sequencing (NGS), whole genome
sequencing (WGS), metagenomic sequencing and diagnostic
platforms based on " Crispr. These technologies simultaneously
detect antimicrobial resistance genes, virulence determinants, and
genomic epidemiological markers, facilitating precision diagnostics
and outbreak investigations. The applications of Al and
bioinformatics have also bolstered diagnostics, using genomic,
transcriptomic and clinical data to automate pathogen identification
and anticipate antimicrobial susceptibility profiles (Gajic et al., 2022).
In the field of emergency medicine and in resource-limited
environments, point-of-care molecular diagnostics (POCD) are
becoming more and more used, which significantly shortens the time
to results and enhances the quality of patient care. Infectious
disease diagnosis has thus grown to become a precision medicine,
genomics, computational biology, and rapid, accurate, and

actionable science; Figure (15-18).
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Figure (15-18): Infectious Disease Diagnosis.

Vaccines

Preventing infectious diseases and reducing morbidity and mortality
worldwide, through the use of vaccination, is one of the most
successful applications of microbiology and genetics. Vaccines elicit
adaptive immune responses to microbial antigens, which results in
long-lasting immunological memory that can protect against future
infection. There are several traditional vaccine platforms such as
live-attenuated, inactivated, toxoid vaccines and subunit vaccines,
which have significantly lowered the incidence of poliomyelitis,
measles, diphtheria and hepatitis. The new molecular microbiology
and microbial genomics have transformed the process of vaccine

design by genome-based antigen discovery and reverse
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vaccinology. By using whole genome sequencing, conserved
immunogenic proteins, virulence factors, and surface-exposed
antigens are identifiable for vaccine development. The development
of highly targeted vaccines with better efficacy and safety profiles
has been accelerated by the use of recombinant DNA technology,
synthetic biology, structural vaccinology and computational
immunology. More recently, the development of messenger RNA
(mRNA) vaccines, viral vector vaccines, DNA vaccines and
nanoparticles-based delivery systems have proven to be very
successful, especially in the context of the COVID-19 Pandemic,
setting a new standard in vaccine development for emerging
pathogens. Microbial genetics is also playing a role in ongoing
tracking of pathogen changes, allowing for vaccine modification
when changes occur in the pathogen, such as antigenic drift or shift,
or novel variants. These are now made possible through the power
of artificial intelligence and immunoinformatics, allowing the
prediction of antigenicity, the selection of epitopes, immune
response prediction and vaccine optimization prior to experimental
proof (Koolaee, 2026). Thus, modern vaccinology combines
microbiology, genomics and bioinformatics with systems
immunology to create next generation vaccines that are more
specific, scalable and impactful for global public health; Figure (15-

19).
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Figure (15-19): Types of Vaccines.

Antimicrobial Therapy

Antimicrobial therapy is one of the pillars of current clinical
microbiology and infectious diseases. Antimicrobial agents are
chemicals that inhibit the growth of one or more groups of
microorganisms or destroy them, but do not significantly harm the
body of the host, such as antibiotics, anti-virals, anti-fungal and anti-
parasites, that specifically relate to the structures or metabolic
pathways of microorganisms. All of these are dependent on proper
microbiological diagnosis, antimicrobial susceptibility testing,
pharmacokinetic/pharmacodynamic optimization, and host factor
considerations for the efficacy of antimicrobial therapy. Antimicrobial

resistance (AMR) is now one of the greatest threats to public health
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today, having emerged quickly. Resistance determinants are spread
across microbial populations by genetic mechanisms such as
spontaneous mutations, horizontal gene transfer, acquisition of
plasmid genes, transposons, integrons, and gene transfer via
bacteriophage. Presently, molecular diagnostics and whole genome
sequencing have become increasingly used in microbiology
laboratories for the detection of resistance genes, identification of
resistance mechanisms and to guide precision antimicrobial therapy.
The availability of new technologies in microbial genomics has
enabled the identification of novel antimicrobial targets using
comparative genome analysis, functional genome analysis, genetic
screening using CRISPR, and systems biology. New anti-infective
strategies involve antimicrobial peptides, bacteriophage therapy,
interventions using the microbiome, anti-virulence agents, quorum
sensing inhibitors, antimicrobial CRISPR-Cas systems, and the use
of nanoparticles to target drugs. Al systems have also been applied
to the discovery of antimicrobial drugs, helping to predict drug-target
interactions, optimize lead compounds, and identify potential drug
repurposing opportunities (Usman et al.,2026). These multi-
disciplinary strategies are shifting from empirical treatment to
precision medicine, not only to make therapy more effective but also
to decrease the development of antimicrobial resistance and retain

the ongoing efficacy of antimicrobial agents; Figure (15-20).
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Figure (15-20): Modern Approaches to Antimicrobial Therapy and
Precision Medicine.

Rapid Molecular Diagnostics

Rapid molecular diagnostics include state-of-the-art nucleic acid
based technologies that are able to diagnose microbial pathogens
within minutes or hours, thereby significantly cutting the diagnostic
lag time typically experienced with culture-based methods. These
technologies are sensitive and specific for the detection of
pathogen-specific DNA and RNA sequences, and help with early
diagnosis, targeted antimicrobial treatment, and infection control.

In clinical microbiology, rapid molecular diagnostics are essential,
especially for severe infections, for immunocompromised patients,
for emerging infectious diseases and for outbreaks in the healthcare

setting. The main molecular platforms which are currently used in
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clinical laboratories are polymerase chain reaction (PCR), real-time
PCR (gPCR), digital PCR, loop-mediated isothermal amplification
(LAMP), recombinase polymerase amplification (RPA), and
CRISPR-based diagnostic systems. In recent years, nanopore
sequencing has become available, as well as metagenomic next-
generation sequencing (MNGS), and microfluidic devices in the lab,
that allow the identification of all the pathogens within a clinical
specimen without any prior cultivation of microorganisms. These
technologies can detect multiple genes responsible for antimicrobial
resistance, virulence factors, and strain-specific genome markers, all
at once, enabling precision diagnostics and real-time
epidemiological surveillance. The use of artificial intelligence and
cloud-based bio-informatics is becoming more common to assist in
the automated interpretation of molecular diagnostic results, to
enhance analytical accuracy and shorten reporting time. Portable
point-of-care devices have integrated with the availability of rapid
diagnostics (RODs) in hard-to-reach and resource-poor areas. New
technologies will be developed that are expected to integrate
multiplex molecular detection, biosensors, CRISPR technology,
nanotechnology, and artificial intelligence to create a fully automated
diagnostic platform with the capacity for comprehensive pathogen
detection in one workflow (Goraya et al.,2026). Therefore, the use of
rapid molecular diagnostics is one of the most important applications

of microbiology and genetics that could potentially change the face
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of clinical decision, antimicrobial treatment and international control

of infectious diseases; Figure (15-21).
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Figure (15-21): Overview of Rapid Molecular Diagnostic Technologies for
Infectious Disease Detection.
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Conclusion

Microbiology and genetics have become very integrated sciences,
explaining biological processes from the molecular and genomic
level up to the ecosystem scale. Advances in genomics,
metagenomics, transcriptomics, proteomics, metabolomics, single-
cell technologies and bioinformatics have significantly broadened
our understanding of the diversity, functional potential, genetic
regulation, adaptation and host—microbe interactions of microbes,
including those that have proved to be difficult or impossible to
isolate and grow in culture. Most importantly, microorganisms should

not be considered mainly as disease causing agents but as key
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players in the biological processes of nutrient cycling, ecosystem
stability, bioremediation, sustainable agriculture, industrial
biotechnology and human health. Their metabolism versatility
enables them to play a crucial role in solving challenges faced by
the world, such as antimicrobial resistance, environmental pollution,
climate change, food security and sustainable bioeconomy.
Experimental biology and computational intelligence are becoming
increasingly important in the future of microbiology and genetics.
The application of Al, machine learning, systems biology, and multi-
omics integration holds promise to revolutionize how complex
biological information is converted into predictive models of
microbial behavior, metabolic function, disease risk, and responses
to environmental factors, all of which are unprecedented. Thus, the
science of the individual microorganism or gene is not the most
effective scientific paradigm, but rather, the science that integrates
the community of microorganisms, the genetic information,
molecular networks, the environmental context, and the ability to
predict. A systems-level approach could hasten precision medicine,
sustainable biotechnology, environmental restoration, and rational
microbial engineering, and make microbiology and genetics central

science for the future of science and sustainability in the world.
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Abstract

This chapter offers an educational treatment of microbiology and
genetics integrating concepts, illustrations, comparative tables,
guestions, and applications. It introduces microorganisms, their
classification and characteristics, and their significance in the
environment, industry, and health. Growth and activity are related to
surrounding conditions, while microbial communities are considered
through their contribution to biological balance rather than only
through disease.

The genetics discussion moves from genes, chromosomes, cell
division, and Mendelian principles to more complex inheritance
patterns, linkage, crossing over, and epigenetics. DNA replication,
transcription, translation, the genetic code, and regulation of
expression are then explained. PCR, sequencing, and gene editing
are introduced by connecting their scientific principles with
application areas while maintaining distinctions among purposes
and limitations.

Applications include microbiological and genetic diagnosis,
agriculture, biofertilizers, biological control, bioprocess industries,
and treatment of pollutants and wastes. The chapter also discusses
the microbiome, precision medicine, and ethical issues concerning
genetic information, including privacy, informed consent, and
responsible use. Conclusions, recommendations, review questions,
and supporting material assist consolidation and application of
knowledge. The contribution is an organized account linking
biological foundations with practical possibilities and moving from
structures to processes and uses. Diverse technologies are not
treated as a single procedure or as unconditionally validated
applications. Their value remains connected to appropriate
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procedures, sound interpretation, and the scientific and ethical
conditions discussed in the text.

Keywords: Microbiology; Molecular genetics; Gene expression; Biotechnology;
Biosafety
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Abstract

This chapter examines microbiology and genetics as complementary
fields for explaining biological diversity, function, and inheritance. It
introduces microorganisms, their principal groups, and basic
characteristics, then considers environmental roles, material cycles,
and relationships with humans, animals, and plants. Beneficial and
harmful effects are distinguished, as are the presence of organisms
in an environment and the functions they perform within a wider
biological system.

Genetic material, genes, chromosomes, and transmission of
characteristics are discussed through principles connecting
molecular structure with expression and function. Genetic diversity,
mutation, and interactions between genes and environment are
explained using examples, illustrations, and tables. This account
connects cellular and organismal levels and shows how genetics
provides tools for understanding similarity, variation, and adaptation.

The chapter reviews health, agricultural, industrial, and
environmental applications, including the molecular techniques and
biotechnological approaches described in the source. It emphasizes
that movement from knowledge to application requires verification,
safety, and responsibility rather than access to a tool alone. The
concluding discussion presents integration between microbiology
and genetics as a means of widening explanations of living
processes and identifying useful applications while preserving the
limits of particular examples and techniques. The contribution is an
organized scientific and educational overview of concepts,
relationships, and uses. It does not report an independent
experiment encompassing every field reviewed or add results not
contained in the submitted material.
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et al., 2023)
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Ll Al L S e Al (A et Agalail)l Jsiall 4 4y el sla¥l )
o sandl 5 4 guanl) i slal) a5 Sl Gl Gllee Sladiul 5 (Bioremediation)
(Metting, . Al e 4l 3 )08 ) jay Laa cdd gyl 5 e livall cildlaall o paladll
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slaadl g Aiud) B W 5995 4y gl Ll 1J4Y) Gl
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Life
dil) 4y pgaall slal) ale 8 dale daxia]5-1-1
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Gl Ol pa)¥) b o sl dall Sl a8 e Ay seaadl elal) 2al
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(Madigan et al., 2021; Al-Khafaji et al., «_ladl Sleel dialull anlil) saesiall
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Al IS ) ands Apay) Gl sl 5 (g slad) andaiil) 8 Ailiie aelae plaill 138 auay
Al Y dalse 5 63l i) diea o 3 53l
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£33 ccha¥ls ) sl deliva (Jia 46130l cleliall i a sl b G 7 Atusdl
sl Gl s Ly 6D Aoty tla (il pel el 8 A pen 5 83

.Naranjo-Ortiz & Gabaldon, 2020)) 4 il 4513201 af sall 3 dse ) ) 3l
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( Watson et al., 2020; Smith & Johnson, . 4elxicall Ll &Y il 5 el
2024)
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asmo il s Jie L) . (Nitrogen Cycle) ceasyidll 350 .
Jle Jsais il bl s  JASE JSG (e dus (il Cudiy (Rhizobium)
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(2-15) J8dl A WS (Martinez & Zhao, 2023)
aed (Sulfur and Phosphorus Cycles) siwsilly <y sl 350 .
L gumall i il gy SIS ja JI ANy 38T B LS (e deanadia Cle sana
(Brock et al., 2022; s AY) Clulsl dalic jaliall oda Jeagy Lo iy guznll e

Martinez & Zhao, 2023)

19y8sall bliill pe dgull dglgull duiull Giljgall Gl
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[1. Tortora et al., 2023; 2. Al-Khafaji et al., 2025; 3. Martinez & Zhao, 2023; 4. Brock et al., 2022] :obaall
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cuay 3 «(Double Helix) zsoiall il cagjnall pelll Zdgaill ) copl<il
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Zhang)db.s P gl sall Jann 28 La Cadgiuna Obg @ L PrX] u\ 3) ¢dg gaad) Chlaliadll

et al., 2024; Kursheed et al., 2025)

adgball cliolll 6 Giwall pueillg diggill Hloslll caclai hhio

Madigan et al. (2021) / Alberts et al. (2022)

(Watson & Crick, 1953; Alberts,

2024)
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-
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fd}j.m.d\
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RNA Polymerase
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Bac Luay &Layﬁ_)l\
tRNA/FRNA

Gilalall 5 clase S

2022; Lewin, 2021; Zhang et al.,
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GC);(A Tz Al DNA o 5
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4“-;»:\;’3)5“-.'3)“ 3 i RNA o 5
(T) o Yo (U) dl sl
)
e QS mRNA L ol ?f
DNA JI o5 (Transcriptio
n)
@JJM\EM‘EJ} dan i)

258

LYl (=l (Translation)
LSl G cliad) Jobs S8 Jdl
(Jasi «Jsad o) 1) (HGT)



Slan pew Aoy ae | Aindaill p & gaald) o glall JalSS

1 gl slal) B clial) S
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Abstract

This chapter reviews bacteria capable of producing antioxidant
compounds in extreme environments, including hot springs, highly
saline lakes, deserts, and acidic or alkaline habitats. It connects their
adaptation to difficult environmental conditions with the production of
biologically active compounds that may protect cells against
oxidative stress. The discussion treats these environments as
potential sources for investigating microbial diversity and functional
metabolites.

The chapter considers the importance of antioxidant-producing
bacteria, mechanisms associated with  production, and
environmental factors affecting yield. It reviews isolation, cultivation,
identification, and analysis of bioactive compounds through the
techniques discussed in the source. These procedures connect the
search for organisms with characterization of the substances they
produce, rather than assuming that environmental origin alone
establishes useful activity.

Applications in pharmaceutical, food, cosmetic, and other biological
fields are examined alongside prospects for developing natural
products as alternatives to synthetic compounds. The concluding
discussion identifies extreme environments as a promising area for
further work on bacterial strains and antioxidant production.
Biotechnology and genetic approaches are considered as possible
means of improving production and investigating industrial use. The
contribution is a review of organisms, processes, methods, and
prospective applications. It does not supply new isolation results or
independent clinical confirmation beyond the research material
presented, and the potential value of a compound remains a
question for characterization, testing, and application-specific
evaluation.
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Abstract

This chapter reviews techniques for extracting fatty acids from algae
and their use in environmental and non-medical industries. It
connects biomass characteristics with extraction requirements and
product quality. Algae, lipid composition, and factors affecting
growth and fatty acid accumulation are introduced before discussion
of feedstock preparation and treatments that improve access to
intracellular lipids. Evaluation of extraction is related to quality, cost,
and production conditions as well as recovered quantity.

Traditional and contemporary approaches are examined, including
solvent extraction, assisted treatments, and techniques intended to
improve mass transfer or reduce time, energy, and solvent
consumption. Their advantages and limitations are compared in
relation to algal type, cell-wall characteristics, and the compounds
sought. Operating conditions affecting vyield, selectivity, and
preservation of fatty acid properties are also considered.

Environmental and non-medical industrial uses include biofuels and
other bio-based materials and products. The discussion connects
production with resource use and waste reduction while considering
scale-up, cost, energy requirements, and sustainability across the
production pathway. The chapter concludes that extraction should
be matched to feedstock and intended application rather than based
on a universally preferred method. Its contribution is to organize
technical alternatives, influential factors, and application areas,
providing a foundation for comparing extraction efficiency with
quality, economic, and environmental considerations. The review
does not add laboratory results beyond those supplied in the study.

Keywords: Algae; Fatty acids; Extraction; Biofuels; Industrial sustainability
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Abstract

This chapter examines non-medical biological and environmental
applications through the use of organisms and biological processes
in environmental management, food production, agriculture, and
industry. It introduces the biological foundations of these
applications, from microbial activity and enzymes to processes that
can be organized for production or treatment. Biological
understanding is linked to efficiency and environmental suitability
rather than treated as independent of surrounding conditions.

The chapter reviews bioremediation of pollutants, wastes, water,
and soil, considering microorganisms, plants, algae, and factors
affecting their activity. Agricultural, food, and industrial applications
include the use of feedstocks and residues, improvement of selected
processes, and reduction of more polluting inputs. Examples show
that choosing an organism or technique depends on the material or
pollutant, operating conditions, and intended objective.

Limits of non-medical use are considered alongside biosafety,
environmental evaluation, quality control, scale-up, cost, and
monitoring. The concluding discussion connects the use of biological
capabilities with protection of ecological relationships and prevention
of unintended effects. The contribution is a conceptual and applied
overview organized around sustainability and resource
management. It does not guarantee uniform success for each
technique in every environment. Instead, it emphasizes testing,
follow-up, and adaptation to context, preserving the distinction
between a scientific principle, a specific application, and the
procedures required to establish its effect.

Keywords: Biological applications; Bioremediation; Environment; Biotechnology;
Biosafety
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Abstract

This chapter examines sustainability and climate change through
relationships among resource management, environmental effects,
and proposed scientific responses for mitigation and adaptation. It
introduces the development of sustainability and its environmental,
economic, and social dimensions, then considers connections
among energy, water, land use, pollution, emissions, and
biodiversity. Sustainability is therefore presented as involving
resources, society, and economic activity rather than an isolated
environmental concern.

The chapter discusses climate-related effects on water, soill,
agriculture, food security, and ecosystems alongside approaches to
mitigation, risk reduction, and adaptation. Renewable energy,
resource efficiency, nature-based approaches, and treatment
technologies lead into a more detailed examination of algae and
microorganisms for carbon dioxide capture, water treatment, and
biomass production. These applications connect the broad
sustainability framework with biological processes that can be
studied and evaluated.

Photobioreactor types and algal cultivation systems are reviewed,
including tubular, helical, and other designs. Light, mixing,
temperature, gas exchange, cost, and productivity are considered as
interacting requirements. The chapter also examines algae as a
biofuel source and the constraints associated with harvesting,
energy demand, and scale-up. Its conclusion emphasizes evaluating
solutions through their requirements and limitations rather than
theoretical potential alone. The contribution links sustainability
concepts and climate effects with specific biological applications,
preserving the examples, reactor descriptions, and references
needed to understand both opportunities and constraints.
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First topic: The concept of sustainability and its
relationship to climate change

Introduction

Sustainability is among the most important concepts to have
emerged over the past decades, driven by the environmental,
climatic, economic, and social challenges confronting the world.
Accelerated population growth, industrial expansion, excessive
consumption of natural resources, and rising greenhouse-gas
emissions have created unprecedented pressures on ecological
systems, making sustainable development a strategic requirement
to ensure the continuity of human life and the protection of natural
resources for future generations. Sustainability is no longer limited to
environmental protection alone; it has become an integrated
framework that brings together economic development, social

justice, and environmental preservation at the same time.

Against the backdrop of worsening climate change, sustainability
has become a central element in international policies aimed at
reducing carbon emissions, improving resource efficiency,
transitioning to a green economy and clean energy, and achieving

the United Nations’ sustainable development goals through 2030.

First: The concept of sustainability

Sustainability is defined as the ability to meet the needs of the

present generation without compromising the ability of future
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generations to meet their own needs, while achieving a balanced
approach to economic growth, environmental protection, and social
justice. This definition, which appeared in the 1987 Brundtland
Commission report, forms the basis for most modern concepts and

policies related to sustainability.

Currently, the concept of sustainability has expanded to include:
» Conserving natural resources.

* Reducing environmental pollution.

 Mitigating the effects of climate change.

* Promoting a low-carbon economy.

* Protecting biodiversity.

 Sustainable management of water, energy, and food.

* Enhancing social justice and public health

Thus, sustainability has become a global approach aimed at
achieving economic development while reducing negative
environmental impacts, through the rational use of natural
resources, the application of clean technologies, and scientific

innovation.

Second: The relationship between sustainability and
climate change

Climate change is one of the biggest challenges to achieving

sustainable development, as rising global temperatures lead to:
* Increased droughts.

* More frequent floods.
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* Rising sea levels.

* Declining agricultural production.
* Loss of biodiversity.

* Increased spread of diseases.

Conversely, sustainability principles contribute to mitigating the

effects of climate change by:

» Reducing carbon dioxide emissions.

* Increasing reliance on renewable energy.
 Improving energy efficiency.

* Recycling waste.

 Conserving forests.

* Promoting a circular economy.

Therefore, the relationship between sustainability and climate is
complementary; achieving sustainability is one of the most important
solutions for mitigating and adapting to the effects of climate

change.

Third: Dimensions of Sustainability

Sustainability is based on three main dimensions:
1. The Environmental Dimension

It focuses on protecting natural resources, reducing pollution,
decreasing greenhouse gas emissions, and preserving ecosystems

and biodiversity.

2. The Economic Dimension
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This dimension focuses on achieving economic growth through the
efficient use of resources, promoting a green economy, and

supporting innovation and clean technologies.
3. The Social Dimension

This dimension focuses on improving quality of life, social justice,

health, education, equality, and poverty reduction.

Experts emphasize that achieving sustainability is only possible

through the integration of these three dimensions.

Fourth: Sustainability in the Face of the Climate Crisis

Reports from the Intergovernmental Panel on Climate Change
(IPCC) indicate that human activity has caused the average global
temperature to rise by approximately 1.1°C compared to pre-
industrial levels. This is primarily due to greenhouse gas emissions
resulting from the burning of fossil fuels, deforestation, and industrial

activities.

Therefore, sustainability is a fundamental pillar for reducing these

emissions through:

* Transitioning to solar and wind energy.
« Utilizing carbon capture technologies.

* Promoting sustainable transportation.

« Expanding green building practices.

« Implementing climate-smart agriculture.

* Developing environmentally friendly materials.
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Modern technologies, including Green Nanotechnology, also
contribute to the development of highly efficient materials for water
and air treatment, improving the efficiency of solar cells and
reducing energy consumption, thus enhancing climate sustainability

efforts.

The concept of sustainability and its dimensions: A
comprehensive scientific study

Sustainability has become one of the most influential scientific
concepts of the 21st century, driven by the escalating
environmental, economic, and social challenges facing human
societies, particularly climate change, biodiversity loss, depletion of
natural resources, water, air, and soil pollution, and increasing
pressure on ecosystems. The concept of sustainability has evolved
from a limited environmental idea to a comprehensive framework for
development aimed at balancing current human needs with the

ability of future generations to meet their own needs.

Sustainability represents a development philosophy based on
managing natural and human resources in a way that ensures the
long-term viability of biological, economic, and social systems, while
minimizing the negative impacts of human activities on the
environment. Therefore, sustainability has become a central focus in
global policies, national strategies, and research programs related to

energy, water, agriculture, industry, and waste management.

The concept of sustainability gained global importance following the

1987 report by the World Commission on Environment and

389



35k lae deal | Goadaill g Jalaill g allail)

Development, known as "Our Common Future,” which defined

sustainable development as:

"Development that meets the needs of the present without
compromising the ability of future generations to meet their own

needs."

This definition forms the intellectual foundation for most modern
studies on sustainability, emphasizing the interconnectedness of
economic development, environmental protection, and the

achievement of social justice.

First: The historical development of the concept of
sustainability

The concept of sustainability did not emerge suddenly, but rather
evolved through historical stages linked to the changing relationship
between humanity and the environment. In traditional societies,
human activities relied heavily on renewable resources, and the rate
of resource consumption was close to their natural rate of renewal.
However, the Industrial Revolution in the 18th century led to a
radical change in this relationship due to the heavy reliance on fossil

fuels and the increase in industrial production.

Industrial expansion has led to increased emissions of greenhouse
gases such as carbon dioxide (CO,;) and methane (CH,),
contributing to rising average global temperatures and widespread
climate change. New environmental problems have also emerged,
including water pollution from heavy metals and chemicals, the

accumulation of plastic waste, and the degradation of ecosystems.
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Figure (1) shows carbon dioxide emissions and their environmental damage.

During the 20th century, international organizations began to focus
on environmental issues. Key milestones included:

1. The United Nations Conference on the Human Environment —
Stockholm 1972, which first emphasized the need to integrate
environmental issues into economic development plans.

2. The Our Common Future report of 1987, which provided the most
widely accepted definition of sustainable development.

3. The Earth Summit — Rio de Janeiro 1992, which established a
global agenda for achieving sustainable development and promoting
international cooperation.

4. The United Nations Sustainable Development Goals (SDGs) of
2015, which included 17 global goals such as eradicating poverty,

ensuring access to clean energy, protecting ecosystems, combating
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climate change, and achieving responsible consumption and

production patterns.

Second: The Concept of Sustainability from a Scientific
Perspective

Scientifically, sustainability is defined as the ability of an ecosystem,
economy, or society to continue functioning efficiently over the long

term without depleting resources or causing irreversible damage.

From an environmental science perspective, sustainability means
maintaining the dynamic balance among the components of an
ecosystem, ensuring that resource consumption rates remain within

limits that allow for natural regeneration.

From an economic perspective, sustainability means achieving
economic growth while preserving natural capital and minimizing the

environmental damage resulting from economic activity.

In the fields of technology and engineering, sustainability is linked to
the development of environmentally friendly technologies that
reduce energy and raw material consumption and limit the

production of pollutants, such as:

* Renewable energy.

» Advanced water treatment technologies.
« Circular economy.

« Green nanomaterials.

* Bioremediation of pollutants using microorganisms and algae.
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Figure (2) shows the shape of the applied algal bioreactor using Chlorella
sorokiniana during the biological reduction of CO2 outside the laboratory.

Third: Dimensions of Sustainability

Modern sustainability is based on three main, interconnected

dimensions known as the Triple Bottom Line:
1. Environmental Dimension

2. Economic Dimension

3. Social Dimension

Other dimensions, such as the institutional and technological
dimensions, have been added later to strengthen the concept of

comprehensive sustainability.

1- The Environmental Dimension of Sustainability
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The environmental dimension represents the natural foundation of
sustainability, focusing on protecting ecosystems, conserving natural

resources, and ensuring the continuity of their vital functions.

Environmental sustainability encompasses several key areas:

A. Conserving Natural R esources

Natural resources such as water, soil, minerals, and forests are
essential for the continuation of human Ilife. Therefore,
environmental sustainability aims to use these resources efficiently

and minimize their depletion.

For example, freshwater is one of the most stressed resources due
to population growth and industrial and agricultural expansion.
Consequently, modern technologies for water treatment and reuse

have emerged, such as:
 Nanomembranes
» Advanced photocatalytics

 Bioremediation using algae and bacteria

Figure (3) protects the environment from pollution.
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B. Pollution Control

Reducing pollution is one of the most important goals of

environmental sustainability. Pollutants include:

» Organic pollutants such as dyes, pesticides, and pharmaceuticals.
» Heavy metals such as lead, cadmium, and mercury.

* Emerging pollutants such as antibiotics and hormones.

Green nanotechnology is a modern trend in achieving sustainability,
as nanoparticles can be manufactured using plant and algal extracts

instead of traditional chemical methods that produce toxic waste.

Figure (4) Types of algal photosynthetic bioreactors for reducing greenhouse
gases.

C. Climate Change and Sustainability

The concept of sustainability is closely linked to the problem of
climate change, as unsustainable human activities have led to an
increase in the concentration of greenhouse gases in the

atmosphere.
Sustainable solutions to climate change include:

» Reducing reliance on fossil fuels.
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» Expanding the use of solar and wind energy.
 Improving energy efficiency.
* Increasing carbon sequestration by ecosystems.

 Developing low-emission technologies.
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Figure (5) Ground-based algal photobioreactors (horizontal) for reducing
greenhouse gases.

The Relationship Between Sustainability and Climate
Change

The relationship between sustainability and climate change is

interconnected and reciprocal. Climate change represents one of the

greatest challenges to achieving sustainable development in the

modern era, while sustainability represents the scientific and

developmental framework that aims to reduce the causes of climate
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change and adapt to its future impacts. Unsustainable development
based on the excessive consumption of natural resources and
heavy reliance on fossil fuels has led to increased greenhouse gas

emissions, causing global warming and altering climate systems.

First: The impact of unsustainable activities on climate
change

Since the Industrial Revolution, the world has witnessed a dramatic
increase in the use of coal, oil, and natural gas for energy
generation, powering factories, and transportation. The combustion
of these resources has released vast quantities of greenhouse
gases, particularly carbon dioxide (CO,), which is the primary

contributor to global warming.
Unsustainable activities lead to:

1. Increased concentration of greenhouse gases in the atmosphere.
These gases trap infrared radiation emitted from the Earth's surface,

leading to a rise in the average global temperature.

2. Deforestation and degradation of ecosystems. Forests are one of
the most important natural carbon sinks, absorbing carbon dioxide
from the atmosphere through photosynthesis. Therefore,

deforestation reduces the Earth's ability to regulate the climate.

3. Excessive resource consumption. The depletion of natural
resources and increased unregulated industrial production lead to
increased energy and water consumption and higher carbon

emissions.

397



35k lae deal | Goadaill g Jalaill g allail)

4. Increased waste and pollution. Some organic waste decomposes
in landfills, producing methane (CH,), a potent greenhouse gas with

a high potential to warm the atmosphere.

Second: The Role of Sustainability in Mitigating Climate
Change

Sustainability is one of the most important global solutions for
addressing climate change, as it relies on achieving a balance
between economic development and environmental protection.
Sustainability mechanisms for combating climate change include the

following:
1- Transitioning to Renewable Energy

Reducing reliance on fossil fuels is one of the most important

climate sustainability strategies, through the use of:
* Solar energy.

» Wind energy.

» Hydropower.

« Sustainable bioenergy.

These sources are characterized by their lower carbon emissions
compared to traditional energy sources, which contributes to

reducing the carbon footprint of societies.

2- Sustainable Water Management

Climate change directly impacts water resources through:
* Increased drought.

* Altered rainfall patterns.

398



35k lae deal | Goadaill g Jalaill g allail)

* Increased evaporation rates.
* Deteriorating water quality.

Therefore, sustainable water management relies on modern

technologies such as:

* Reuse of treated wastewater.

 Bioremediation using algae and microorganisms.
« Nanomembrane technologies.

» Photocatalytic treatment of organic pollutants.

These technologies contribute to reducing freshwater consumption

and lowering the energy used in treatment processes.
Third: Nature-Based Sustainability and Addressing Climate Change

Nature-based solutions are a modern trend in climate sustainability

and include:

» Reforestation of degraded areas.

* Protection of wetlands.

* Restoration of marine ecosystems.

» The use of microorganisms and algae for carbon sequestration.

Algae, for example, absorb carbon dioxide during photosynthesis,
making them an important topic in sustainability research related to

carbon sequestration, biomass production, and clean energy.

Carbon dioxide capturing methods

The carbon reduction in microalgae culture was revealed by the

microalgae's direct fixation of carbon dioxide from the atmosphere,
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due to the limited concentration of carbon dioxide in the atmosphere
and the low coefficient of mass transfer between the culture surface
and air. Thus, carbon dioxide must be supplied as a pure gas or by

mixing it into the combustion gases.

The main chemical methods of carbon dioxide capture are: post-
combustion, pre-combustion, and oxygen combustion. The most
promising method is the pre-combustion process, due to its lower
energy requirements, compared to other means, by obtaining
carbon dioxide from fuel gas streams through a variety of physical
and chemical techniques, which may involve several separation

steps. (Feron and Hendriks, 2005; Benson and Surles, 2006).

The most common physical techniques include: chemical
absorption, cryogenic fractionation, membrane separation, and
adsorption Molecular sieves (Herzog et al.,, 2004). The most
important process, despite its toxicity and corrosiveness to amines,
is the chemosorption based on amino solvents. (Fernandez et al.,

2012).

To avoid the emission of most CO2 to the atmosphere by direct
injection of flue gases into a microalgae culture, it is important to
design and operate the appropriate carbonation process. Thus, the
composition of flue gases according to their origin (chemical
industry, cement, natural gas, coal) indicates that carbon dioxide is
not the only content in the atmosphere, but also other compounds
such as sulfur oxides, nitrogen oxides and carbon dioxide are more

subject to change ( Fernandez et al., 2012), as well as water vapor,
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oxygen (0O2) and nitrogen (N2). Of all these emissions, so the
massive increase in anthropogenic carbon dioxide concentration is a

global concern(Yang and Gao, 2011).

The role of carbon dioxide in increasing the mass of
microalgae

Microalgae are mostly found in wet places or water bodies and are
essential in terrestrial as well as aquatic environments. More than
70,000 species of algae have been identified but most of them are
not suitable for human needs. Algae can be grown under conditions
that are not suitable for the production of typical crops such as
soybeans and others. Algae have the ability to fix carbon dioxide in
the climate and help reduce the expansion of carbon dioxide levels
in the air, which is an important global issue (Singh and Singh

2014).

so it is considered Carbon (C) is the most important element for
microalgal growth, followed by nitrogen (N) and phosphorus (P)
(microalgal biomass contains approximately 50% of carbon, which is
all derived from COZ2). Accordingly, the production of 1 g of
microalgal biomass corresponds to a CO2 fixation of approximately
1.83 g, which means that these microorganisms can be effectively
applied in capture CO2 (Cheah et al., 2015). Microalgae can fix CO2
from both the atmosphere or flue gas emissions. The use of
atmospheric CO2 allows higher flexibility when selecting the location
of the microalgal facility, since it does not need to be located close

to a CO2 emission source and it does not require CO2 transporting
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systems (moreira and pires 2016). Several studies have reported
the use of microalgae in CO2 capture from the atmosphere (Arbib et
al., 2014). only a few studies have reported the use of real flue
gases for microalgal growth. When growing Chlorella sp. in an
outdoor open thinlayer PBR using a flue gas containing 6—8% of
CO2, have reported CO2 removal efficiencies between 10 and 50%
( Li-Y et al. ,2011) when growing Scenedesmus obliquus in a flue
gas containing 6-18% of CO2. Furthermore, some authors have
referred that native species isolated near thermal power plants are

the best candidates for capture CO2 from these gaseous streams.

Potential uses of the microalgae biomass

The culturing of microalgae for CO2 absorption is an expensive
process. However, it can be made economically viable if the
biomass produced is used both for carbon mitigation and for other
purposes. Algae biomass could play an important role in supplying
food security for both animals and humans. Microalgae have high
nutritional value because of the wide range of essential nutrients
such as provitamins, minerals and polyunsaturated fatty acids they
provide (Pandey and Tiwari, 2010). Chlorella, Spirulina,

Scenedesmus and Caelastrum have a protein

content of 60%, while 18 of the 22 known amino acids are found in
these microalgae (Brown, 1996). They contain essential amino
acids, including those containing sulphur, which are usually missing
from most human diets (Kolb et al., 2004). They are also a rich

source of polyunsaturated fatty acids, which include omega 3 fatty
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acids, hexadecatrienoic acid methyl ester octadecatetraenoic acid
methyl ester, eicosapentaenoic acid methyl ester, docosahexaenoic
acid methyl ester, arachidonic acid and y-linolenic acid ( Spolaore et
al., 2006). Microalgae are regarded as a good source of protein for
humans, animals and fish grown in aquaculture hatcheries.
Nevertheless, microalgae grown in the effluent from wastewater
treatment plants should not be used for consumption by humans,
animals or fish, as they may contain a variety of contaminants,
ranging from heavy metals and pesticide residues to pathogenic
bacteria and viruses, Microalgae also contain bioactive compounds
that are effective medicinally (Gustafson, 2004). Several of these,
such as lipid anti-oxidants, B-carotene, sterols and toxins, make
algae a good source of nutraceuticals (Rasmussen et al., 2007). The
therapeutic action of treatments based on microalgae on diseases
associated with oxidative stress has attracted a great deal of
attention (Chen et al., 2009). Microalgae can be used to treat a
range of medical conditions because of their properties. For
example, they are anti-bacterials, bronchodilators, polysynaptic
blockers and analgesics, and prevent odema, convulsions and
inflammation , The chemicals found in algal biomass host that can
be exploited industrially to generate revenue. Microalgae also
produce sugars, polysaccharides, dyes, bioflocculants, pigments
and oils (Pereira et al., 2009). Other valuable chemicals include
phycobiliproteins, which are fluorescent dyes used in certain

immunoassay and cell separations and asthaxanthin, lutein,
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zeaxanthin, lycopen and bixin, which are useful components of food
colourants, cosmetics and pharmaceutical products (Chen et al.,

2009).

Fourth: Sustainability and Adaptation to Climate
Change Impacts

The relationship between sustainability and climate is not limited to
reducing emissions; it also includes adapting to current and future

climate impacts.

Adaptation strategies include:
 Developing drought-resistant agriculture.
* Improving water resource management.

 Building sustainable cities that are resilient to flooding and rising

temperatures.

 Developing early warning systems for climate-related disasters.

Fifth: The Role of Technology and Innovation in
Achieving Climate Sustainability

Scientific innovation has become a fundamental element in
achieving sustainability goals. Among the most important modern

technologies are:
1- Green Nanotechnology

This technology utilizes nanomaterials manufactured using
environmentally friendly methods to improve pollutant treatment and

reduce energy and chemical consumption.

Example:
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« Manufacturing silver nanoparticles using algal extracts.

 Using them to remove dyes and pharmaceutical contaminants from

water.
2- Advanced Photocatalysis

This technology relies on the use of nano-catalysts to produce
reactive oxygen species capable of breaking down polluting organic

compounds into less harmful compounds.
3- Biotechnology

Such as using algae and bacteria in:

* Pollutant removal.

* Biofuel production.

 Carbon dioxide sequestration.

Second topic: Climate Change and its Environmental
Effects

Environmental Impacts of Climate Change

Climate change affects all components of the ecosystem due to the
continuous alteration of fundamental climatic conditions such as
temperature, humidity, precipitation rates, and levels of solar
radiation. Ecosystems are characterized by interconnected
relationships between living organisms and non-living factors;
therefore, any climatic disturbance can lead to a cascade of effects

that impact the stability and sustainability of the environment.

1- The Impact of Climate Change on Water Resources
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Water resources are among the most affected environmental
sectors by climate change, as rising temperatures and altered

rainfall patterns disrupt the natural water cycle.
A- Reduced Availability of Freshwater

Rising temperatures cause increased evaporation rates from water
bodies and soils, leading to a decrease in the amount of available

water in some areas, especially arid and semi-arid regions.

These impacts manifest through:

» Decreased river and lake levels.

» Reduced groundwater recharge.

* Increased competition for water resources among different sectors.

The Middle East and North Africa region is among the most
vulnerable to water scarcity due to rising temperatures, low rainfall,

and increasing population demand.

B. Changes in Water Quality

Climate change affects not only the quantity of water but also its
quality.

Rising temperatures lead to:

* Increased growth of harmful algae in lakes and reservoirs.

» Decreased oxygen solubility in water.

* Increased likelihood of eutrophication.

Flooding also leads to the transport of pollutants such as:

* Heavy metals.
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* Pesticides.

* Organic pollutants.

 Untreated wastewater.

into surface and groundwater sources.

C. Impact of Climate Change on Wastewater Treatment

Climate change affects wastewater treatment technologies due to

alterations in wastewater properties resulting from:

THEALGAE PROCESS

BOOL
St he!
* 3adesd

PRDITS

¢ tzencat

O
WASTE 5B
WASTE WATER

-

&
.
%

=

Figure (6) Techniques for wastewater treatment using algal reactors

» Temperature changes.

» Changes in pollutant concentration.

* Increased organic loads during flooding.
Therefore, sustainable technologies such as:
 Bioremediation using algae.

* Nanomembranes.

 Photocatalytic nanomaterials.

» Advanced oxidation processes.
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are emerging as modern solutions for treating polluted water while

reducing energy consumption.
2- The Impact of Climate Change on Soil

Soil is a complex ecosystem containing minerals, microorganisms,
and organic matter. It is essential for food production and regulating

the carbon cycle.

Climate change affects soil through several mechanisms:

A- Soil Fertility Deterioration

High temperatures and drought lead to:

* Reduced soil moisture content.

» Accelerated decomposition of organic matter.

* Nutrient loss.

Increased rainfall also leaches minerals from the soil and reduces its
fertility.

B- Increased Desetrtification

Desertification is one of the most serious consequences of climate

change. It occurs as a result of:

* Reduced vegetation cover.
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Figure (7) Desertification and its effects on agriculture

* Increased evaporation rates.

* Persistent drought.

* Poor land management.
Desertification leads to:

* Loss of agricultural land.

» Reduced food production.
 Degradation of ecosystems.

C- The Role of Soil in the Carbon Cycle

Soil is an important carbon sink, containing large quantities of

organic carbon.
When temperatures rise:

« The rate of decomposition of organic matter increases. Carbon

dioxide is released into the atmosphere.
The soil's ability to store carbon is weakened.
This leads to a feedback loop that exacerbates climate change.

3- The Impact of Climate Change on Agriculture and Food Security
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The agricultural sector is directly dependent on climatic conditions,

making it one of the most sensitive sectors to climate change.
A- Reduced Crop Productivity

Increased heat and drought affect:

* Photosynthesis

* Plant growth

» Crop productivity

High temperatures may reduce the production of important crops

such as:

» Wheat

* Rice

« Corn

* Barley

B- Spread of Agricultural Pests

Higher temperatures allow for the expansion of the spread of some:
* Agricultural insects

* Plant pathogens

* Fungi

This leads to increased use of chemical pesticides and their impact
on the environment.

C- Changes in Agricultural Areas
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Climate change may cause some crop production areas to shift to
cooler regions, while other areas become unsuitable for agriculture

due to drought or high temperatures.
4- The Impact of Climate Change on Biodiversity

Biodiversity is fundamental to the stability of ecosystems, as it

contributes to:

» Maintaining ecological balance

* Plant pollination

« Water purification « Regulating the carbon cycle.

However, climate change has become one of the biggest causes of

biodiversity loss globally.
A. Habitat Changes

Higher temperatures are driving many species to migrate to more

climatically suitable areas.
Organisms may face:

* Loss of their natural habitats.
« Difficulty adapting quickly.

* Decline in their populations.
B. Species Extinction

The likelihood of species extinction increases when environmental

conditions change more rapidly than organisms can adapt.
Species most affected include:

* Polar organisms.
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* Heat-sensitive marine species.

* Plants with narrow climatic ranges.

\ .
> o

Figure (8) Living organisms threatened with extinction as a result of climate
change

C. Disruption of Ecosystem Relationships

Climate change affects relationships between organisms, such as:
* Predator-prey relationships.

* Pollination between plants and insects.

» Symbiotic relationships between microorganisms and plants.
This leads to ecological imbalances.

5. Impact of Climate Change on Marine Ecosystems
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Figure (9) Deforestation and climate change
Oceans cover more than 70% of the Earth's surface and play a key

role in regulating the climate by absorbing heat and carbon dioxide.
However, they face serious impacts due to climate change.

A. Ocean Warming

Warming water temperatures lead to:

» Changes in the distribution of marine organisms.

» Reduced productivity in some marine ecosystems.

* Increased heat stress for organisms.

B. Ocean Acidification

Oceans absorb a large portion of the carbon dioxide in the
atmosphere, leading to the formation of carbonic acid and a

decrease in the pH of the water.

Ocean acidification causes:

 Impaired shell formation in marine organisms.

« Damage to coral reefs.

» Changes in the composition of marine communities.

C. Coral Bleaching
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Coral reefs are among the most sensitive ecosystems to rising

temperatures.

When subjected to heat stress, they expel the symbiotic algae that

live within their tissues, leading to:

* Loss of color.

* Reduced energy availability.

 Death of large sections of the coral reef.

6. The Impact of Climate Change on Forests

Forests play a key role in mitigating climate change by absorbing

carbon dioxide and storing carbon in trees and soil.
However, climate change leads to:

* Increased forest fires.

» The spread of pests.

* Reduced tree growth.

* Loss of biodiversity.

Deforestation and forest fires release large amounts of carbon,

exacerbating global warming.

Section Three: Scientific Strategies for Adaptation and
Risk Reduction in Light of Environmental and Climatic
Changes

Global warming

Global warming is a serious environmental problem. This is
generally attributed to an increase in atmospheric concentration of

greenhouse gases (GHGSs). particularly (CO2) carbon dioxide.
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As well as Methane, tropospheric ozone, and chlorofluoro carbons.
It is a factor in the long-term heating of Earth’s climate system
observed since the pre-industrial period (between 1850 and 1900)
due to human activities, primarily fossil fuel increasing the levels of
greenhouse gases that trap heat in the Earth's atmosphere. (Owen

et al., 2010).

Carbon dioxide is considered a hazardous gas in the atmosphere as
it is mainly responsible for changing (60% to 63%) of different layers

of the atmosphere from 1979 to 2004 (Singh and Singh, 2014).

So anthropogenic carbon dioxide (CO2) emissions, which are now
largely from fossil fuel combustion also from terrestrial carbon stocks
from land use change, have increased the atmospheric CO2
concentration (Rutherford et al., 2018). Excessive radiative forcing
from rising emissions of carbon dioxide and other greenhouse gases
(GHGSs) is already disrupting the climate in many ways. Damage
includes ice cover and glacier, sea level rise, extreme weather,
ocean acidification, greater variability in agricultural and forest
production, including risks of crop failure, damage to ecosystems,
spread of disease, and other risks to humans and other life forms

(Stocker et al., 2013).

Familiar alternative renewable energy technologies and methods,
such as solar, wind, ocean, geothermal, bioethanol, biodiesel, wood
or hydrogen have potential for recycling and low pollution impact

(Kaithwas et al., 2012).
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for that Renewed interest in biofuels has been reflected in the rapid
expansion of global biofuel markets in the last five years , But what
iIs new about this renewed interest and what makes biofuels a
serious option for partially replacing oil as a transport fuel are their
alleged reduced greenhouse as (GHG) emissions. This would help
countries to combat the global warming problem and would enable
them to comply with the commitments under the Kyoto Protocol. In
addition, the Brazilian experience shows that biofuels can deliver
export opportunities and rural development.( Krishnan and Mudeva ,

2005)

that Biofuels have been around for a long time, but petroleum and
coal have been used primarily as energy sources due to their high

abundance,

high energy value, and cheap prices. Fossil fuels such as coal and
petroleum also come from biomass but the difference is that they
took millions of years to produce. Biofuels are making a resurgence
due to increasing oil prices, dwindling fossil fuel reserves, the desire
to have a renewable, reliable source of energy and as a way to
mitigate the effects of climate change. Biofuels are a renewable
resource because they are continually replenished. Fossil fuels on
the other hand are not renewable since they require millions of years

to form.

Biofuels come from modern living organism's things over a short
period of time, differing with fossil fuels also in the same way,

through the decomposition of organic matter, but over many many
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years (Alaswad et al., 2015). In addition, biofuels do not lead to acid
rain and have few adverse effects on the environment because they

contain less sulfur and reduce carbon dioxide emissions.

Biofuels are drawing increasing attention worldwide as substitutes
for petroleum-derived transportation fuels to help address energy
cost, energy security and global warming concerns associated with
liquid fossil fuels. The term biofuel is used here to mean any liquid
fuel made from plant material that can be used as a substitute for
petroleum-derived fuel. Biofuels can include relatively familiar ones,
such as ethanol made from sugar cane or diesel-like fuel made from
soybean and algae. oil, to less familiar fuels such as dimethyl ether
(DME) or Fischer-Tropsch liquids (FTL) made from lingo cellulosic
biomass. ( Koonin,2006).

Drought and Water Scarcity Adaptation Strategies

Drought is one of the most impactful environmental risks to natural
systems and human societies. It results from prolonged periods of
low rainfall, rising temperatures, and increased evaporation rates,

leading to a decrease in surface and groundwater resources.

The severity of drought increases with ongoing climate change,
particularly in arid and semi-arid regions, where it directly affects
agriculture, food security, biodiversity, and public health.

Addressing drought relies on a set of integrated scientific strategies,
including:

1- Integrated Water Resources Management (IWM)
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Integrated water management is one of the most important modern
approaches to achieving water security. It relies on managing water
in a way that balances human needs with the preservation of

ecosystems.

This management includes:

» Assessing available water resources.

* Reducing water loss.

» Regulating water use in different sectors.
* Protecting water sources from pollution.

The success of this strategy depends on integrating hydrological
science, environmental engineering, and modern monitoring

technologies.
2- Water Conservation Technologies

Improving water use efficiency helps mitigate the effects of drought

by reducing waste and increasing water productivity.

Among the most important technologies are:

a- Drip Irrigation

Drip irrigation is one of the most efficient technologies, as it delivers

water directly to the plant's root zone, thus reducing water loss due

to evaporation and surface runoff.
b- Precision Agriculture
This relies on the use of:

* Ground-based sensors.
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« Satellite imagery.
* GPS systems.

To accurately determine the amount of water and fertilizer required

for each agricultural area.

This technology leads to:

* Reduced water consumption.

* Increased agricultural production.
* Reduced soil and water pollution.
3- Water Reuse and Treatment

Reusing treated wastewater is one of the most important strategies
for adapting to water scarcity, as it provides an additional water

source and reduces pressure on natural resources.
Water treatment technologies include:

a- Biological Treatment

This relies on the use of:

* Bacteria.

* Algae.

» Microorganisms.

To break down organic compounds and remove pollutants. B.

Nanofilm Technologies
Nanopore-sized membranes are used to remove:
* Heavy metals.

 Salts.
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* Microorganisms.
They are highly efficient compared to traditional methods.

. Using bioreactors for biological mitigation and reducing the

most dangerous greenhouse gases

Types of Bioreactors:

1-  Serpentine Photobioreactors

They consist of straight tubes connected by U-bends to form a flat
loop (the photostage) that may be arranged either vertically or
horizontally (Chini Zittelli et al., 2013). Gas exchange and nutrient
addition normally take place in a separate vessel and culture
circulation (at flow rates between 20 and 30 cm s —1) is achieved by
a pump or an airlift (Tredici et al.,, 2010). developed a tubular
photobioreactor for the production of Arthrospira . It consisted of
flexible polyethylene sleeves 14 cm in diameter and 0.3 mm think
connected each other by PVC (polyvinylchloride) bends to form a
loop, each bend incorporating a narrow tube for oxygen release. The
pilot plant was composed of two units (500 m long, volume 8 m 3,
surface area of 80 m 2 ).A similar design of tubular photobioreactor
for mass culture of Portphyridium was also developed by(Gudin and
Chaumont , 1983). The loop was made made of polyethylene G.
Torzillo and G. Chini Zittelli tubes of 6.4 cm diameter and 1500 m
length. The temperature manipulate of the way of life was once
carried out via both foating or submerging the top layer on or in a

pool crammed with water by way of adjusting the quantity of air in
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the tubes of the decrease layer.In the current years, PBRs of this

kind are being operated with the aid 18

of Molina Grima and co-workers in Spain (Molina et al .,1999). The
structures consist of a tubular photostage,made of Plexiglas tubes
(from 2.6 to 5 cm in diameter) joined to shape about 100-m lengthy
horizontal loop, which is linked to a 3-3.5-m excessive airlift the
place dissolved oxygen, pH and temperature probes are inserted.
The Spanish team (Almeria) has carried out widespread lookup
recreation with serpentine PBRs on the affect of the primary
variables that alter increase of photosynthetic cells, amongst which
common irradiance, gas—liquid mass transfer, temperature control,

fluid dynamics and mixing ,and the Figure (10) shows that.

/ J N

Figure (10) Vertical tubular serpentine photobioreactor developed by the
Department of Chemical Engineering of the University of Almeria (Spain) (Acien

et al.,2013).
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2- Manifold Photobioreactors

In manifold PBRs, a collection of parallel tubes is related at the ends
by means of two manifolds, one for distribution and the different for
series of the lifestyle suspension. The main advantages of these
structures over serpentine loop PBRs are the discount of head
losses and decrease oxygen concentrations (due to the distance of
suspension float between the tube inlet and degasser), two
elements that facilitate scale-up to industrial measurement (Tredici
et al. 2010). for the first time, devised a system made of parallel sets
of 20-m-long tubes connected by manifolds in which the culture was
circulated by an airlift. Productivities of 0.55 g were attained with
Arthospira. Tredici and co-workers developed the Near-Horizontal
Tubular Reactor (NHTR), with tubes inclined from 5 to 20° to the
horizontal so that mixing could be achieved by air bubbling (Tredici
et al., 2010( Besides simplicity of operation and low protection cost,
this inner internal gas exchange PBR has different benefits amongst
which low shear stress and decreased wall fouling due to the
scouring impact of the fuel bubbles. The size of tubes is, however,
restricted to about (40 m ) due to decreased mass switch (Babcock
et al., 2002). the microalgae are grown in a greenhouse covering 1.2
ha with a total cultivation volume of around 600 m 3, distributed in

500 km of tubes , and the Figure (11) shows that.
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Figure (11): Tubular manifold photobioreactors installed, Tubular manifold
photobioreactors installed at Roquette Klétze & Co. KG (Germany) .

3- Helical Photobioreactors

Helical PBRs consist of small-diameter flexible tubes wound round
an upright assisting structure. This layout was once used in the
Fifties to develop Chlorella sp. and later adopted by way of (Juttner ,
1982). A 120-l helical bubble PBR was once used to develop
Anabaena siamensis and A. platensis outdoors. With A. platensis , a
imply volumetric productiveness of 09 g | -1 d -1 and a
photosynthetic efficiency (PE) of 6.6 percent (PAR) have been
completed (Tredici and Chini Zittelli, 1998 ).A Biocoil consisting of a
photostage of polyethylene or PVC tubing (between 2.5and 5 cm
diameter) wound helically around a cylindrical support (8 m in height
with a core diameter of 2 m) , Several parallel bands of tubes have

been linked by means of manifolds to the pumping system,
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permitting greater even glide and shorter tube length for that reason
minimizing oxygen build-up (Tredici et al., 2010). A warmness trade
or evaporative cooling supplied temperature control. Several marine
species and the cyanobacterium Arthrospira sp. have been
cultivated in 1000-I Biocolil in Perth, Western Australia (Borowitzka
,1999). However, restricted dialogue of the Biocoil in the course of
latest years suggests that it no longer has sizable workable of use. A
conical, rather of cylindrical, framework has additionally been
suggested, as it improves the spatial distribution of tubes for daylight
seize (Morita et al., 2000). Small conical Biocoil devices have been
and are being operated in most cases for experimental and

educating functions (Raes et al., 2014).
4-  Tubular PBRs for Special Applications

A tubular serpentine PBR that makes use of condensed photo
voltaic radiation has been setup at the Academic and University
Centre of Nové Hrady (Masojidek et al., 2003). The PBR is based
totally on photo voltaic concentrators, established in a climate-
controlled greenhouse, that focal point the direct factor of incident
daylight on the cultivation tubes. The cultivation unit (a 24-m long
loop made of six parallel horizontal glass tubes related through U-
bends) is positioned on a movable frame, which allows
computerized focusing of direct photo voltaic irradiance. The PBR
has been used to find out about acclimation of microalgae to supra-
high photo voltaic irradiance ,since irradiance values as a lot as 3.5

instances the naturally reachable are carried out (Masojidek et al.,
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2003). Based on this first design, an improved, two-stage PBR
consisting of two vertical and two inclined units, used to be
developed and examined , and the Figure (12) shows that.

(Masojidek et al., 2009 ).

Figure (12) Tubular serpentine photobioreactor based on solar concentrators —
linear Fresnel lenses developed at the Center for Biotechnology, University of
South Bohemia, Noveé Hrady (Czech Republic) .

With the novel 450-1 PBR it is possible to carry out a two-stage
process of biomass production: (i) growth of the selected microalga
under lower irradiances in the vertical units, and (ii) exposure of the
culture to supra-high irradiance in the inclined units. This process
has been tested for the production of H. pluvialis : the green phase
in vertical and the red phase in the inclined units (Masojidek et al.,
2009). The system allows to cultivate microalgae at much higher

irradiance than that naturally available, which may be useful at high
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latitudes, and exposes the culture at ultrahigh irradiance necessary
to induce stress and achieve high-value product accumulation
(pigments, superoxide-dismutase, etc.).The main limitation of the
technology is the high cost of the PBR, about €1,000 m-2
,comprising glass tubes, Fresnel lenses, light tracking system,
degasser, heat exchanger, pump, sensors, and control box
(Masojidek et al., 2003 ).To circumvent the problem of light
saturation effect, which is actually a great drawback in microalgal
biotechnology, Torzillo and co-workers have recently proposed a
new tubular PBR design in which the culture tubes are arranged on
an 8 x 8 square pitch cell connected by U-bends and immersed in a
light scattering silica nanopatrticle suspension (Giannelli and Torzillo,

2012).

Different forms of algal reactors used worldwide:

Closed algal growth systems, known as bioreactors, can be
classified as photobioreactors (PBR). PBRs are closed (or almost
closed) vessels for phototrophic algal cultivation where light is
supplied either directly by the sun or via artificial sources such as
LEDs. While a typical open pond system is open to the environment
on at least its top surface, in closed systems the exchange of liquid,
gas, biologics, dust, and solids input and output from the system are
carefully controlled. Typically, closed systems also direct the
circulation of the algal culture to maximize the evenness of the
culture’s exposure to natural or artificial light. Since all liquid and gas

streams have to be brought in and out of the bioreactor via pumps or
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bubbling pressure, the energy requirements for this type of culture
can be higher. However, a PBR typically produces a denser culture,
which requires less energy to extract algal oils from the remaining
solids, and environmental contamination is also minimized.
Maintaining and optimizing water chemistry is easier in a closed
system that is not exposed to rain and evaporation. The geometric
configuration of closed PBRs is often designed for efficient utilization
of natural light. Through a variety of methods, light is more evenly
distributed through the growth media in PBRs than in open pond
systems. Maximum daily volumetric harvest rates on the order of
40% and dry biomass concentrations up to 5 g/L (dry basis) are
feasible (for tubular PBRs). ( Ungerer et al., 2012) High algal
biomass concentrations lead to increased harvest yields and faster
and more economical down-stream processing. Closed systems
vary widely in size, material, shape, and technical principles of

operation, and the Figure (13) shows that.

o
-
-
-
-
-
_—
=
-
-
-
-

Figure (13): Different forms Tubular photobioreactors used worldwide.
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Algae as a source of Biofuel:

Microalgal oil is presently being regarded as a promising choice
feedstock for biodiesel. The existing demand for oil for biofuel
production considerably exceeds the supply, hence alternative
sources of biomass are required. Microalgae have countless
blessings over land-based plants in phrases of oil production. Their
simple unicellular shape and excessive photosynthetic efficiency
permit for a potentially higher oil yield per location than that of the
quality oilseed crops. Algae can be grown on marginal land use of
brackish or salt water and as a result do now not compete for
resources with traditional agriculture. They do not longer require
herbicides or pesticides and their cultivation should be coupled with
the uptake of CO2 from industrial waste streams, and the elimination
of excess nutrients from wastewater (Hodaifa et al., 2008). In
addition to oil production, potentially valuable Co-products such as
pigments, antioxidants, nutraceuticals, fertilizer or feeds ought be
produced (Mata et al., 2010). Despite these advantages, algal gas is
not longer presently in enormous use, generally due to its high cost

of production (Chisti, 2007).

Despite robust commercial from the industrial and scientific sectors,
there are presently no industrial facilities producing biodiesel from
algae (Lardon et al.,, 2009). One of the main financial and
technological bottlenecks in the system is biomass and lipid

production by the algae (Tsukahara and Sawayama, 2005).
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Productive strains and optimized lifestyle stipulations in a position to
produce cells with a simultaneously high growth rate and lipid
content material are required. The high cost and energy demand of
harvesting unicellular algae also remains a major challenge. The
small cell size (often < 10 um in diameter) and dilute biomass
produced requires innovative solutions to minimize the consumption
of water and energy as well as processing costs (Rodolfi et al.,

2009).
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Abstract

This research aims to identify the effectiveness of the (poe) strategy
in the biology achievement of second-year intermediate students, as
well as to reveal the nature of the relationship between the two
variables. The research population consisted of female students in
the morning program at the intermediate level, affiliated with the
Baghdad/Rusafa First Education Directorate, for the academic year
(2025-2026).

The total number of female students is (16,368), according to the
Planning Department's statistics. To achieve the research
objectives, the researcher adopted a quasi-experimental design.
The research instrument was an achievement test for second-year
middle school biology, consisting of 40 items of two types :(37)
multiple-choice questions and (3) essay questions. The test was
administered to a sample of the target population.

The research results showed that the students in the experimental
group had good achievement in biology who studied according to
the (poe) strategy.

Keywords: POE strategy; Achievement; Biology; Active learning; Intermediate
education
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