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Degerli Okurlarimiz,

Bu sayimizda sizlere farkli disiplinlerde
hazirlanmis 2 arastirma makalesi sunuyoruz.
Yayinlarini paylasan yazarlarimiza dergimize
katkilarindan dolayi tesekkiir ederiz. Ulusal ve
uluslararasi indekslerde yer almayi hedefleyen
dergimize yayinlarinizi bekler, desteginiz icin
simdiden tesekkur ederiz.

Dear Readers,

In this issue, we present 2 research articles from
various disciplines. We thank the authors who
shared their publications for their contributions
to our journal. We look forward to receiving your
publications for our journal, which aims to be
included in national and international indexes.
Thank you in advance for your support.
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Kirmizi Biberde Kapaisinin Uv-Vis Spektrofotometrik
Yontemle Tayini

Uv-Vis Spectrophotometric Determination of Capsaicin in Red Pepper

Ozet

Biber, Solanaceae familyasinin Capsicum cinsine ait
bitkilerin meuyveleridir. Literatir verilerinde Capsicum
cinsine ait otuzu askin tur oldugu bildirilmekle birlikte,
bu tirlerden kultur bitkisi olarak yetistirilen ve siklikla
tuketilen bes tur biber bilinmektedir. Bu turler icerisinden
yuiksek yakicilikta olan Capsicum frutescens olup, orta ve
dusuk yakicilikta olan ve en cok tiketilen tir ise Capsicum
annuum olarak bilinmektedir. Dinya genelinde oldugu gibi
Ulkemizde de en ¢ok yetistirilen Capsicum turtu Capsicum
annuum‘dur.

Yapilan bu arastirmada biberin acilik hissiyatini olusturan
ana aktifi; “Kapsaisinin” farmakolojik etkileri incelenmistir.
Bu etkiler, analjezik, anti-inflamatuar antioksidan, anti-
kanser ve antibakteriyel etki olmakla birlikte; gaz giderici
ozelligi, santral sinir sistemi uyarani, metabolizmada
veri akisini hizlandirici, vicut 1sisini artirici ve sindirimi
kolaylastirici, metabolizmayi hizlandirarak enerji Gretimini
ve sindirim sistemini koruyucu yonlerine de yer verilmistir.
Bu farmakolojik etkiler goz oninde tutularak kapsaisin
bulunduran piyasadaki formlarina bakilmis olup; krem,
yaki formu ve tablet formu incelenmistir.

Piyasada satilmakta olan pul biber icindeki kapsaisinin
miktariyla Guneydogu Anadolu bdlgesi, Urfa sehrinin
Viransehir ilcesinde ev yapimi pul biberinin kapsaisin
miktarim belirlemek icin UV-VIS ile kapsaisin miktari
hesaplanmistir. Deneysel sonucglardan bulunan kapsaisin
madde miktar, ev yapimi pul biber bilesiminde 64,48
mg/L, piyasadan temin edilenin bilesiminde 59,44 mg/L
bulunmustur.

Anahtar Sozcikler: Capsicum annuum, Kapsaisin, UV-VIS
spektrofotometri
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Abstract

Peppers are the fruits of plants belonging to the genus Capsicum within the family
Solanaceae. Although more than thirty species of the genus Capsicum have been reported
in the literature, only five species are commonly cultivated and widely consumed. Among
these, Capsicum frutescens is known for its high pungency, whereas Capsicum annuum,
which has moderate to low pungency, is the most frequently consumed species. Similar
to global trends, Capsicum annuum is also the most widely cultivated Capsicum species in
Turkiye.

Inthis study, the pharmacological effects of capsaicin, the main active compound responsible
for the pungent sensation of peppers, were examined. These effects include analgesic, anti-
inflammatory, antioxidant, anticancer, and antibacterial activities. In addition, capsaicin
has been reported to have carminative properties, stimulate the central nervous system,
enhance metabolic activity, increase body temperature, facilitate digestion, support energy
production, and contribute to the protection of the digestive system. Based on these
effects, commercially available capsaicin-containing products, creams, topical plasters,
tablet formulations were evaluated. Furthermore, the capsaicin content of commercially
available crushed red pepper was compared with that of homemade crushed red pepper
produced in the Viransehir district of Sanliurfa province in the Southeastern Anatolia of
Turkiye. The capsaicin content was determined using UV-VIS spectrophotometry. The
amount of capsaicin determined from the experimental results was found to be 64.48 mg/L
in the composition of homemade red pepper flakes and 59.44 mg/L in the composition of
commercially obtained samples.

Keywords: Capsicum annuum, Capsicum, UV-VIS spectrophotometry

1.Giris

Kirmizibiber (Capsicum annuum L.), Solanaceae
familyasinin Capsicum cinsine ait bir bitkidir. Ik
iklimlerde tek yillik, tropik iklimlerde ise ¢ok yillik
olarak yetistirilen bir kiiltlir bitkisidir. Cok dalli ve
otsu bir govdeye sahip olup 0,5-2 metre uzunluga
kadar biiytiyebilir. Tiirkiye, bu bitkinin iiretiminde
Diinya ii¢linciisii konumundadir[1].

Act biber olarak bilinen bitkinin anavatanm
Meksika’dir. 1492 yilinda Amerika’nin  kesfiyle
Avrupa’ya getirilmistir. Kirmizibiber kullaniminin
Aztekler’e kadar uzandigina dair kanitlar bulunmustur.
Aztek yaztlarinda kirmizibiberi antimikrobiyal
ve antihemolitik bir madde olarak kullandiklar
belirtilmistir. Bitkinin Latince ad1 Capsicum, Fransiz
botanik¢i Turneyfort tarafindan verilmistir. Biberin
ac1 tadin1 veren kapsaisin olarak bilinen madde ilk
kez 1846 yilinda Tresh tarafindan izole edilmis ve

isimlendirilmistir. Nelson ise 1919 yilinda yaptig
calismada kapsaisinin kimyasal yapisinin vanilloid
oldugunu tespit ederek Tresh’in bulgularimi teyit
etmistir [2].Ulkemizde Dogu Akdeniz ve Giineydogu
Anadolu bolgelerinde yetistirilen tiirler genellikle
Capsicum annuum L. olarak siniflandirilmaktadir. Bu
tiur, Turkiye’deki ila¢ sanayisinde kullanilmaktadir

[3].

Kirmizibiberin rengi, kapsantin, karoten, kapsorubin,
kriptoksantin, kapsaisinoid, zeaksantin ve lutein
gibi  karotenoidlerden kaynaklanir. Acilifi ve
yakicilig1 saglayan kapsaisinoidler; dihidrokapsaisin,
nordihidrokapsaisin ve diger tirevleri
(homohidrokapsaisin, homokapsaisin, nanilik asit
vanililamid ve desilik asit vanililamid) igerir [3].

Kapsaisin  (8-metil-N-vanilil-6-nonenamide), aci
kirmizibiberden elde edilen ve homovalinik asit tiirevi
olan yagda ¢oziinebilen bir fenoldiir. Alkaloid yapisi
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C,H,.NO, olup oldukga kuvvetli, kararli, ac1, yakic1 ve aromatik ozelliklere sahiptir. Erime derecesi 57-66
°C arasindadir; alkol, kloroform ve benzende ¢dzliniir, soguk suda ise ¢cok az ¢oziiniir (25 °C’de 10,3 mg/L).
Dihidrokapsaisin (C,;H,/NO,) ise kapsaisinin dogal bir tiirevidir ve aci biberin baharatli tadindan sorumludur

[4].

Sekil 1. Kapsaisin Molekil Yapisi [3]

Biber, tiim diinyada oldugu gibi iilkemizde de yetistiriciligi yapilan 6nemli sebze tiirlerinden bir tanesidir.
2023 yili gelen verilerine gore diinya ¢apinda 31 milyon tonun {izerinde biber tiretilmistir [5].

2023 yili verilerine gore Cin, 20 milyon ton iiretimle Diinya biber iiretiminde en biiyiik biber iireticisi
konumundadir (Sekil 2). Ulkemizde biber iiretimi goriildiigii iizere yillara bagh olarak degismekle birlikte
son yillarda artig gostermektedir (Sekil 3) [5].

Sekil 2. Sekil 2. 2023 yili Dinya biber ureticisi ilk 10 ulke biber tretim miktarlari (FAO 2023)
[5]
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Sekil 3. Tiirkiye 10 yillik toplam biber retim miktarlari (TUIK 2025) [5]

1.2. Kapsaisinin Farmakolojik Ozellikleri

1.2.1. Kapsaisinin Analjezik ve Anti-inflamatuar
Etkisi

Kapsaisin, merkezi sinir sisteminde agr1 iletimi ve
inflamasyonda rol oynayan P maddesini azaltarak etki
gosterir. Duyusal C-liflerinden salinan P maddesinin
antagonisti olan kapsaisin, 6zellikle sinir zedelenmesi
ve zona gibi durumlarda lokal olarak agriy1 azaltmak
amaciyla kullanilmaktadir. Romatoid artrit,
osteoartrit, fibromiyalji, diyabetik ndropati ve kronik
agn tedavisinde de etkilidir. Tekrarlayan kullanimla
P maddesinin sentez ve tasinmasi baskilanarak agri
esigi yiikselir ve uzun siireli analjezi saglanir. Bu
desensitizasyon etkisi geri doniistimliidiir.

Klinik c¢aligmalar, lokalkapsikum preparatlarinin
inflamatuar ve noropatik agrilarda etkili oldugunu
gostermistir [3].

1.2.2. Kapsaisinin Anti-Kanserojenik Etkisi

Epidemiyolojik  ¢aligmalar, karotenoid iceren
meyve ve sebzelerin kanserden koruyucu etkiye
sahip oldugunu gostermektedir. B-karotenin yani

sira o-karoten, likopen, lutein ve bazi ksantofillerin
de  anti-kanserojen  etkileri ~ bulunmaktadir.
Kirmizibiberde bulunan kapsantin, kapsorubin ve
kapsantin-3,6-epoksid gibi karotenoidler anti-timor
ozellik gostermektedir [3].

1.2.3. Kapsaisinin Anti-Lipemik Etkisi
Kirmizibiberden elde edilen B-karoten, kapsantin ve
kapsorubinin birlesimi LDL oksidasyonunu azaltir
ve kolesteroliin oto-oksidize iiriinlere doniismesini
engeller. Kapsaisinoleorezini karaciger ve aortta
kolesterol ve trigliserit birikimini Onler. Ayrica yag
dokusundan lipit mobilizasyonunu uyararak kan
trigliserit diizeylerinde ve peri-renal yag dokusu
kiitlesinde azalma saglar [3].

1.2.4. Kapsaisinin Antioksidan Etkisi

Kirmizibiber; flavonoidler, fenolik asitler, karoteno-
idler, A vitamini, askorbik asit, tokoferoller ve kapsai-
sinoidler agisindan zengin bir kaynaktir. Kapsaisin ve
analoglari, oto-oksidasyonu ve metal bagli oksidas-
yonu Onleyerek serbest radikal hasarma kars1 koru-
yucu etki gosterir. Ayrica kapsantin ve kapsorubinin
lipid peroksidasyonunun, siiperoksit ve nitrik oksit
olusumunu inhibe ettigi belirlenmistir [3].
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1.2.5. Kapsaisinin Enerji Dengesi Uzerine Etkisi
Kirmizibiber ve kafein tiiketiminin toplam enerji
alimmi azalttifi ve enerji harcamasini artirdigi
gosterilmistir. Bu etkinin sempatik/parasempatik
sinir sistemi aktivite oranindaki artigla iligkili
oldugu belirtilmistir. ~ Birlikte tiiketildiklerinde
enerji dengesinde belirgin degisiklikler meydana
gelmektedir [3].

1.2.6. Kapsaisinin Anti-Dispeptik Etkisi

Kapsaisin, mide proksimalinin tonusunu azaltarak
fazik kontraktiliteyi baskilar ve gastrik gerilime
duyarliligr artirir. Yapilan caligmalarda kapsaisin
aliminin mide proksimalinde gevsemeye neden
oldugu, ayni distansiyon basinglarinda algi esigini
ylikselttigi ve rahatsizlik hissini azalttig1 gosterilmistir

[3].

1.2.7. Kapsaisinin Anti-Bakteriyel Etkisi
Kirmizibiber ekstrelerinin Salmonella typhimurium,
Listeria monocytogenes, Pseudomona saeruginosa,
Bacillus cereus ve Staphylococcus aureus lizerinde
inhibitor etki gosterdigi agardifiizyon yoOntemiyle
belirlenmistir. Bu nedenle kirmizibiber 6zleri dogal
antibakteriyel ajan olarak kullanilmaktadir [3].

1.2.8. Kapsaisinin Immunsupressif Etkisi
Kapsaisin, antikor liretimi ve lenfosit proliferasyonunu
baskilayarak immiin modiilasyon saglar. Monositlerde
P maddesi diizenlenmesi ve sitoplazmik kalsiyum
artisinin inhibisyonu ile etki gosterir. Ayrica NF-xB
aktivasyonunu engelleyerek proinflamatuar genlerin
ekspresyonunu baskilar. Bu mekanizma, inflamatuar
hastaliklarin tedavisinde potansiyel bir hedef olarak
degerlendirilmektedir [3].

1.2.9. Kapsaisinin Safra Taslarina Etkisi

Farelerde yapilan ¢alismalarda kapsaisin ilavesinin
safra ve kolesterol konsantrasyonunu diisiirdiigii,
kolesterol/fosfolipid oranmni azalttigt ve safra tasi
olusumunu engelleyebilecegi bildirilmistir [6].

1.2.10. Kapsaisinin Kalp Ameliyatlarina Etkisi

Kalp ameliyatlar1 sirasinda uygulanan deri alti
kapsaisinin, CGRP salimmini artirarak  doku
korunmasmi  destekledigi  gosterilmistir.  Sigan
modellerinde kapsaisin uygulamasi ile miyokard
hiicrelerinde hasarin azaldig1 ve hiicresel korunmanin
arttig1 saptanmistir [6].

Journal of PhytoPharmacy |

1.2.11. Kapsaisinin Insiilin Uzerine Etkisi
Kapsaisin uygulanan kopeklerde serum insiilin
diizeyleri artmig, buna bagli olarak kan glukoz
seviyelerinde disiis gozlenmisti. Bu  durum
kapsaisinin insiilin salimimin1 uyaric1 etkiye sahip
oldugunu gostermektedir [6].

1.2.12. Kapsaisinin Genital Organ Uzerine Etkisi
Kirmiz1 ac1 biber igeren diyetle beslenen tavuklarda
ic organ yaglanmasinin azaldigi, ovaryumlarda
folikiiler gelismenin hizlandigr ve yumurtlamanin
daha erken gerceklestigi belirlenmistir. Horozlarda
ise testis agirlig1 ve seminifer tiibiil gelisiminde artig
gbzlenmistir [6].

Kapsaisin ¢esitli farmasotik formlarda kullanilir.
Bunlar arasinda kas ve eklem agrilarinda kullanilan
transdermal tedavi sistemi (TTS) krem formu ve
termal flaster, kronik bel agris1 ve bel fitiginda
kullanilan yaki formu, analjezik ve antienflamatuvar
etkili liniment formu, el ve ayak 1sinmasinda kullanilan
tablet formu ile bocek ve akarlara karsi kovucu sprey
formu bulunmaktadir. Bu preparatlar kapsaisinin
farmakolojik etkilerini hedeflenen bdlgelerde etkin
bir sekilde kullanmay1 saglar [7-9].

2. Yontem

Kapsaisinin miktar tayini i¢in Avrupa Farmakopesi
32’ de(USP32) kromatografik yontem bulunmaktadir.
Ayrica g¢esitli literatiirlerde UV yontemi, HPLC
yontemi ve LC/MS yontemleri bulunmaktadir.
Bunun yaninda kapsaisine ait kimyasal analiz igin
yapilan bir ¢alismada kati faz mikroekstraksiyon-
gaz kromatografisi (GC)- kiitle spektrometresi (MS)
kullanilmistir [10-13].

Bu arastirma kapsaminda piyasada satilan pul
biberden ve dogal olarak yetistirilen kirmizibiberden
elde edilen pul biber 6rneklerinden kapsaisin miktar
tayini UV-VIS yontemle kalitatif ve kantitatif (tek
standartla karsilastirma yontemi) olarak belirlenmistir.
Ultra Viyole-Goriiniir Bolge (UV-GB) Spektroskopisi,
analiz edilen maddenin 15in ile etkilesimini Slgen
molekiiler ve atomik spektroskopi ydntemlerinden
olusur. Isin, boslukta yayilan enerji olup klasik dalga
ve tanecik modelleri ile agiklanir. Elektromagnetik
spektrum, v 1smlarindan radyo dalgalarina kadar
uzanir ve dalga boyu ile enerji degisir. UV-VIS
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spektroskopisi, molekiiller veya ¢ok atomlu iyonlarin
UV-VIS isinlarint absorplamasina dayanir. Lambert-
Beer Yasasi’na gore 1sin siddeti, ¢ozelti derisimi ve
tabaka kalinlig1 ile orantilidir; molar absorptivite e,
maddeye 0zgiidiir ve absorbans ile derisim dogrusal
iligkilidir. Kantitatif analizde standartlar serisi veya
tek standartla karsilagtirma yontemleri kullanilarak
ornek ¢ozeltisinin derigimi belirlenir.

Lambert — Beer Yasasi

Siddeti 10 olan monokromatik (tek dalga boylu)
paralel bir 151mn demedi absorplayict bir maddenin
C derisimindeki c¢ozeltisinin b kalinligindaki bir
tabakasindan gectiginde siddetinde (I) azalma olur.
Bu azalma, gelen 1smimn 10 siddeti, absorplayici
maddenin C derisimi, ¢ozelti tabakasinin b kalinlig
ile orantilidir.

Sekil 4. Isin absorpsiyonu

Molar absorptivite, €, Ol¢limiin yapildigr dalga
boyu ve ¢oziiciiniin cinsine bagli olmak kosulu ile
absorplayict maddenin karakteristigidir. Derisim g.L-
1 alindig1 takdirde molar absorptivite, €’ un yerini,
absorptivite, a alir. Absorplayict maddenin molar
kiitlest M olmak tiizere, ¢ = M.a’dir. Lambert-Beer
esitligine gore derisim ile absorbans arasindaki iligki
dogrusaldir ve denklemi orijinden gecen bir dogrudur.
UV-VIS spektrofotometrisi ile kantitatif analiz buna

dayanur.

Kantitatif Analiz

Kalibrasyon yontemi olarak standartlar serisi ile
kalibrasyon egrisi yontemi ya da tek standartla
karsilastirma yontemi kullanilabilir.

Standartlar serisi ile kalibrasyon egrisi yontemi
icin derisim aralig1 analiz ¢zeltisinin derisimini
icine alan, ayn1 ¢oziiclideki bir seri standart ¢ozelti
hazirlanir. Standart ¢ozelti sayisi i¢in en uygun say1
5°tir. Standart c¢ozeltilerin ve analiz ¢0zeltisinin
Amax’ dakiabsorbanslar1 ol¢iiliir. Kalibrasyon i¢in x
eksenine standart ¢ozeltilerin derisimleri, y eksenine
absorbanslar1 konarak dogrusal kalibrasyon egrisi
olusturulur ve buna ait dogru denklemi belirlenir [8].
y=bx+a

Bu denklem kullanilarak 6rnek ¢ozeltisinin derisimi
bulunur.

Tek standartla karsilastirma yonteminde derisimi
analiz ¢Ozeltisininkine yakin olan, ayn

coziiclideki bir standart ¢ozelti hazirlanir. Standart
cozeltinin ve analiz ¢ozeltisinin A max’daki
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absorbanslar1 ol¢iiliir. Co6 ve Ad Ornek ¢ozeltisinin
derisimi ve absorbansi, Cs ve As standart ¢ozeltisinin
derisimi ve absorbansi olmak iizere

Esitligi kullanilarak 6rnek ¢ozeltisinin - derisimi
bulunur [8].

2.1.Kapsaisin Cozeltilerinin Hazirlanmasi

10 mL’lik balon jojeye 2 mg kapsaisin alinip
metanol ile 200 ppm’lik stok c¢ozelti hazirlanmis,
daha sonra bu ¢ozeltiden UV calismalart igin
20ppmkonsantrasyonda ayni ¢oziicliyle kapsaisin
¢Ozeltisi hazirlanmistir. Bu hem dogal pul biberden
elde edilen hem de piyasada satilan pul biberden elde
edilen kapsaisin i¢in hazirlanmstir.

2.2. Standart Cozeltilerin Hazirlanist

Kapsaisin ~ standart stok  c¢ozeltisi, kapsaisin
standardindan hassas bir sekilde 0,020 g tartilarak 10
mL distile suda ¢oziilerek 1000 ppm hazirlanmistir.
Hazirlanan stok ¢6zelti metanolle seyreltme yapilarak
sirasiyla 20 ppm derisimlerine sahip standart ¢ozelti
elde edilmistir. Kapsaisinin metanoldeki ¢ozeltisinin
maksimum absorbans dalga boyu 280 nm olarak
belirlenmistir.

2.3.Pul Biber Orneklerinin Hazirlanis

Analizi yapilacak pul biber 6rneklerinden 100’er g pul
biberi tartim alinarak ve 300 mL metanolde ¢oziilerek
Sekil 5°te gosterilen soxhlet cthazinda 8 sifon yapilarak
siiziintli elde edilmistir. Sonrasinda bu siiziinti
alarak rotary evaporatorde ¢oziiciisii ugurulmustur.
100’er gram pul biberlerden 6rneklerinden ekstreleri
elde edip, ekstreden 0,2°ser gram hassas olarak tartilip
metanolle ¢oziildiikten sonra 10 mL ye ayni ¢oziicii ile
hacmine tamamlanmistir. 30 dk boyunca ultrasonik
banyoda bekletilip, bu karisim daha sonra vorteks ile
2 dk calkalanmistir. Hazirlanan 6rnek ¢ozeltisi 280
nm dalga boyunda absorbansi dl¢iilmiistiir.

Sekil 5. Pul Biberin Metanol ile Sokslet Ekstraksiyonu
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3. Bulgular

3.1 Pul Biberde Kapsaisin Miktarinin UV Analiz Yontemiyle Kantitaf Olarak Hesaplanmasti
Hazirlanan kapsaisinin ¢ozeltisinin spektrumu Sekil 6, Sekil 7 ve Sekil 8’de goriilmektedir.

Sekil 6. Kapsaisinin metanolde hazirlanan ¢dzeltisinin UV spektrumu

Sekil 7. Dogal pul biberinin metanolde hazirlanan ¢dzeltisinin UV spektrumu
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Sekil 8. Piyasada satilan pul biberinin metanolde hazirlanan ¢ozeltisinin UV spektrumu

3.2 Tek Standart Yontemiyle Kapsaisinin Pul Biber
Orneklerinden Miktar Tayini

Co6 ve A0 ornek ¢ozeltisinin derisimi ve absorbansi,
Cs ve As standart ¢ozeltisinin derisimi ve absorbansi
olmak tizere;

Yukardaki esitligi kullanilarak degerler yerine
konulup hesaplar asagidaki gibi yapilmistir.

3.2.1 Dogal Pul Biberinde Kapsaisin Tayini
Co /20ppm=0,819/0,254
Co =64,488 mg/L

3.2.2 Piyasada Satilan Pul Biberinde Kapsaisin
Tayini

C6 /20ppm=0,755/0,254

C06 =59,448 mg/L

Journal of PhytoPharmacy |

4. Tartisma ve Sonuc¢

Bugalismadakirmizibiberdebulunan“Kapsaisin”etken
maddesinin fiziksel, kimyasal, farmakolojik 6zellikleri
ve piyasada bulanan preparat formlart incelenerek
miktar tayini UV-VIS spektrofotometresiyle analiz
yontemi kullanilarak yapildi. Ayrica dogal pul biberin
ve piyasadan temin edilen pul biberin bilesiminde
bulunan kapsaisinin miktar tayini yapilarak sonuglari
kantitatif bulunmustur. Deneysel sonu¢lardan bulunan
kapsaisin madde miktari, dogal pul biberinde 64,48
mg/L bulunurken piyasadan temin edileninde 59,44
mg/L bulunmustur. Grafiklerden ve spektrumlardan
gortldiigii gibi ayni absorbans degerini vermedigi
gorilmektedir. Aralarindaki bu farkin biberin
yetistirildigi cografyanin, depolama sekli, sicakligi,
pH ve nem faktorler bagh etken maddeleri arasinda
farkliklara sebep oldugu diisiiniilmektedir. Calisma
daha sonra farkli 6rneklere uygulanarak daha fazla
ornekten kapsaisin miktarinin belirlenmesine olanak
saglayacaktir.
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Musca domestica L. (Diptera: Muscidae)’'de
Katyon ATPaz Gen Ailesinin Genom Capinda
Analizi

Genome-Wide Analysis of the Cation ATPase Gene Family in Musca domestica L.
(Diptera: Muscidae)

Ozet

Musca domestica L., patojenleri bulastirarak ve d6nemli
ekonomik kayiplara neden olarak insan ve hayvan sagligini
tehdit eden 6nemli bir zararlidir. Geleneksel insektisitlere karsi
yaygin direng, vektdr kontrold icin yeni molekiler hedeflerin
kesfedilmesini zorunlu kilmaktadir. Hicresel homeostaz, sinir
impulsu iletimi ve osmoregilasyonicin temel olan Katyon ATPaz
gen ailesi, umut verici bir hedefi temsil etmektedir. Bu calisma,
M. domestica, Aedes albopictus ve Drosophila melanogaster
genomlarinda 36 Katyon ATPaz genini tanimlayan genom
capinda bir analiz sunmaktadir. Gen yapilari, korunmus motifler
ve fizikokimyasal ozellikler kapsamli bir sekilde karakterize
edilmistir. 13 M. domestica Katyon ATPaz proteini, 927 ile 1602
kalinti arasinda degisen amino asit uzunluklari ve 102.4ile 179.8
kDa arasinda degisen molekiiler agirliklar sergilemistir. Teorik
izoelektrik noktalari 5.30 ile 6.11 arasinda dedisirken, alifatik
indeks dederleri (84.72-101.78) ylksek alifatik icerigi ortaya
koymustur.

Karsilastirmali filogenetik analizler, evrimsel ge¢mislerini ve
yapisal farklliklarini aydinlatmisti. Dahasi, 3B modelleme,
etkilesim aglari ve Gen Ontolojisi (GO) analizleri ile islevsel
ozellikleri degerlendirilmistir. /n silico anotasyonlar, inorganik
katyonlarin transmembran tasinmasinin yani sira kalsiyum ve
metal iyonu homeostazindaki kritik rollere isaret etmektedir.
Domainanalizleri,sitozolik kalsiyumregilasyonunaaktifkatilimi
gosteren P-tipi ATPaz domainlerinin varligini dogrulamistir. M.
domestica’daki Katyon ATPaz ailesinin ilk kapsaml analizini
sunan bu arastirma, yenilik¢i vektér kontrol stratejilerinin
gelistirilmesi icin temel bir cerceve olusturmaktadir.

Anahtar kelimeler: Musca domestica, Katyon ATPaz, Gen ailesi,
Biyoinformatik araclar.
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Abstract

Musca domestica L. is a significant pest threatening human and animal health by transmitting
pathogens and causing substantial economic losses. Widespread resistance to traditional
insecticides necessitates the discovery of novel molecular targets for vector control. The
Cation ATPase gene family, essential for fundamental physiological processes such as cellular
homeostasis, nerve impulse transmission, and osmoregulation, represents a promising target.
This study presents a comprehensive genome-wide analysis identifying 36 Cation ATPase
genes across the genomes of M. domestica, Aedes albopictus, and Drosophila melanogaster.
Gene structures, conserved motifs, and physicochemical properties were thoroughly
characterized. The 13 M. domestica Cation ATPase proteins exhibited amino acid lengths
ranging from 927 to 1602 residues and molecular weights ranging from 102.4 to 179.8 kDa.
Their theoretical isoelectric points ranged from 5.30 to 6.11, while their aliphatic index values
(84.72-101.78) revealed high aliphatic content. Comparative phylogenetic analyses elucidated
their evolutionary history and structural divergence. Furthermore, 3D modeling, protein-
protein interaction networks, and Gene Ontology analyses evaluated functional properties.
In silico annotations indicate critical roles in calcium and metal ion homeostasis, alongside
the transmembrane transport of inorganic cations. Domain analyses confirmed the presence
of P-type ATPase domains, indicating active participation in cytosolic calcium regulation.
Providing the first comprehensive analysis of the Cation ATPase family in M. domestica, this
research establishes a baseline framewaork for developing innovative vector control strategies.

Keywords: Musca domestica, Cation ATPase, Gene family, Bioinformatic tools.

1.Introduction

Musca domestica L. (Diptera: Muscidae), a
synanthropic species, is globally recognized as a major
vector threatening both human and animal health.
Due to its feeding and breeding habits as well as its
high ecological adaptability, it serves as a primary
mechanical vector for more than 100 pathogens
[1,2]. In addition to public health concerns, the stress
and disturbance caused by high fly populations in
intensive livestock facilities are associated with
suppressed feed intake in animals, ultimately leading
to significant economic losses in milk and meat
production [3]. For decades, the management of M.
domestica populations has relied heavily on neurotoxic
chemical insecticides, including organophosphates,
carbamates, pyrethroids, and neonicotinoids.
However, the emergence of widespread and high-
level resistance in M. domestica populations has been
driven by the intensive, repetitive, and often improper

applicationoftheseagents[4].Molecularinvestigations
reveal that resistance is primarily associated with
target site insensitivity, overexpression of metabolic
detoxification enzymes such as cytochrome P450s
(CYPs), glutathione S-transferases (GSTs), and
esterases), and reduced cuticular penetration (cuticle
thickening) [5,6]. The growing resistance crisis to
current insecticide classes has necessitated a strategic
shifttowards the exploration of novel molecular targets
in insect physiology that remain underexploited. In
the pursuit of novel targets, the Cation ATPase gene
family, specifically Na+/K+ -ATPase and Ca2+
-ATPase, emerges as a promising candidate. These
enzymes are recognized as integral components
of cellular homeostasis, neural transmission, and
osmoregulation [7]. In insects, Nat/K+ -ATPase
plays a pivotal role not only within the nervous system
but also in fluid secretion and nutrient absorption.
Recent toxicological studies have demonstrated
that plant-derived bioactive compounds and certain
next-generation insecticides exert their toxic effects
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by targeting and inhibiting these enzymes [8,9].
Furthermore, adaptive modulations in the expression
levels of ion transport genes have been proposed
to facilitate the survival of M. domestica under
environmental or chemical stress [10]. Therefore,
elucidating the structure and expression profiles of
Cation ATPase genes is crucial for both understanding
resistance mechanisms and developing sustainable
control strategies directed at this gene family.

In the present study, a comprehensive genome-wide
analysis was conducted to identify a total of 36 distinct
Cation ATPase genes within the genomes of M.
domestica, Aedes albopictus Skuse, and Drosophila
melanogaster Meigen. The gene structures, along
with the conserved motifs and physicochemical
properties of their encoded proteins, were subjected
to a detailed examination. Phylogenetic trees of the
Cation ATPase proteins across the analyzed species
were reconstructed to analyze their evolutionary
relationships and orthology. Furthermore, three-
dimensional structural modeling, protein-protein
interaction networks, and Gene Ontology enrichment
analyses were performed to predict their functional
characteristics. This research presents the first
systematic characterization of the Cation ATPase
family in M. domestica and provides fundamental
data for the development of novel vector control
strategies.

2. Materials and Methods

2.1. Identification of Cation ATPase Genes

To initiate the identification process, the Pfam
accession numbers corresponding to the Cation
ATPase gene family (PF00689 and PF00690) were
determined via the InterPro database (https:/www.
ebi.ac.uk/interpro) [11]. Subsequently, the coding
DNA sequences (CDS) and protein sequences for
Aedes albopictus (Aalb) [12], M. domestica (Mdom)
[13], and D. melanogaster (Dmen) [ 14] were retrieved
from the InsectBase 2.0 database (https://v2.insect-
genome.com) [15]. To validate the identity of the
retrieved sequences, the presence of Cation ATPase
domains within the respective protein sequences was
verified using the SMART database (https://smart.
embl.de) [16].

Journal of PhytoPharmacy |

2.2. Sequence Alignment and Phylogenetic Analyses
The Cation ATPase protein sequences from the
studied species were aligned using the ClustalW
algorithm (https://www.genome.jp/tools-bin/
clustalw) [17]. To enhance alignment precision, the
BLOSUM weight matrix was applied using the ‘slow/
accurate’ configuration. Subsequently, phylogenetic
reconstruction was performed using an approximate
Maximum Likelihood (ML) approach via FastTree
withinthe ETE3 (v3.1.3) pipeline, and nodal reliability
was assessed using SH-like local support values. Tree
topology was visualized usingN the iTOL platform
(https://itol.embl.de) [18].

2.3. Characteristics of Cation ATPase Proteins
Physicochemical properties, including amino acid
sequence length, molecular weight (MW), theoretical
isoelectric point (pl), instability index, aliphatic index,
and Grand Average of Hydropathicity (GRAVY)
scores, were computed using the ProtParam tool
(https://web.expasy.org/protparam) [ 19] for the Cation
ATPase proteins identified in the studied species.

2.4. Structure of Cation ATPase Genes

To elucidate the genomic architecture of the Cation
ATPase genes, their exon-intron arrangements were
visualized using GSDS v2.0 (https://gsds.gao-lab.
org) [20]. The analysis was conducted following the
methodology detailed in our previous study [21].

2.5. Identification of Conserved Motifs

Conserved motifs within the Cation ATPase protein
sequences of the examined species were identified
using the MEME Suite v5.5.9 (https://meme-suite.org/
meme/tools/meme) [22]. The analysis was performed
using the parameters detailed in our previous study
[21].

2.6. 3D Structure, Protein-Protein Interactions, and
Gene Ontology Analysis of Cation ATPase Proteins
The three-dimensional (3D) structural models of
the M. domestica Cation ATPase proteins were
predicted using the Phyre2 web server (https:/www.
sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index)
[23]. To ensure model reliability, predictions with
confidence scores and sequence coverage below
70% were excluded from further structural analyses.
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Subsequently, protein-protein interaction (PPI)
networks were constructed using the STRING
database (https://string-db.org/) [24]. Functional
enrichment analyses based on Gene Ontology (GO)
terms were conducted using the STRING platform.

3. Results and Discussion

3.1. Identification of Cation ATPase Genes

A total of 36 Cation ATPase genes were identified
across three dipteran species, distributed as follows:
13 genes in M. domestica, 11 in Ae. albopictus, and
12 in D. melanogaster. Their characteristic domain
architectures were verified using the SMART
database.

3.2. Sequence Alignment and Phylogenetic Analyses
Phylogenetic analysis clustered the identified Cation
ATPase proteins into two major clades (Figure 1).
This division corresponds to differences in protein
domain architecture. The first major clade consists of
Cation ATPase proteins that contain the Hydrolase 3
domain, whereas the second clade comprises proteins
that lack this domain. This domain-based segregation
is strongly supported by the high SH-like local support
values on the principal branches, indicating a robust
phylogenetic topology. These findings underscore the
impact of domain architecture in the evolutionary
divergence and functional specialization of ATPase
proteins [25,26]. Examination of the tree topology
indicates that the diversification of the Cation ATPase
gene family in dipteran species has been largely
shaped by lineage-specific expansion. In particular, the
clustering of multiple paralogs from the same species,
supported by strong SH-like local support values,
indicates that species-specific gene duplication events
have played a significant role in driving this expansion
[27, 28]. This evolutionary pattern is consistent with
findings across insect genomes, where gene families
involved in ion transport and cellular homeostasis
commonly undergo lineage-specific expansion and
diversification [26, 29].

The phylogenetic relationships among Cation ATPase
proteins were evaluated by comparative analysis of
M. domestica sequences together with homologs
from D. melanogaster and A. albopictus. The circular

phylogenetic tree presented in Figure 1 shows that
M. domestica Cation ATPase proteins form distinct
clustering patterns with homologous sequences from
other dipteran species. Percent identity values among
M. domestica paralogs ranged from 50.8% to 100%,
whereas comparisons with D. melanogaster and A.
albopictus sequences ranged from 31.5% to 80.8%.
The high support values observed in several branches
indicate conserved phylogenetic relationships among
specific Cation ATPase members across species. In
contrast, the more distinct placement of Dmen-N-
CATPase-01 suggests a higher degree of sequence
divergence relative to the other homologs. These
findings indicate that the M. domestica Cation
ATPase family includes both conserved homologous
members and proteins showing copy- or species-level
divergence.
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Figure 1. Phylogenetic tree illustrating the relationships among Cation

ATPase family genes.

3.3. Characteristics of Cation ATPase Proteins

To characterize the physicochemical properties of the
13 Cation ATPase proteins identified in M. domestica,
a comprehensive analysis of their biophysical
parameters was conducted (Table 1). These proteins
exhibited amino acid lengths ranging from 927 to 1602
residues, with molecular weights varying between
102.4 kDa and 179.8 kDa. This broad distribution
indicates a considerable size variation among the
Cation ATPase proteins of M.domestica, which is

Journal of PhytoPharmacy |

commonly observed in large ion-transporting protein
families [26]. The theoretical isoelectric point (pl)
values ranged from 5.30 to 6.11, indicating that all
proteins possess a net acidic character. This acidic pl
profile is consistent with the established localization of
Cation ATPase proteins within cytosolic or membrane-
associated environments, where their activity is likely
regulated by protein—protein interactions, rather than
direct interactions with negatively charged nucleic
acids [25]. In silico stability analysis predicted 15
cation ATPase proteins to be stable, whereas only
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Mdom-N-CATPase-07 was classified as unstable,
exhibiting a relatively high instability index of 45.52.
This observation indicates that Mdom-N-CATPase-07
may possess a more dynamic structural conformation,
potentially facilitating a specialized role in regulatory
processes [27]. The aliphatic index values ranged
from 84.72 to 101.78, indicating a relatively high
aliphatic content for most proteins, which indicates
enhanced thermostability. High aliphatic index values
are generally associated with increased structural
stability across a wide temperature range, which
may confer an adaptive advantage to poikilothermic

organisms such as M. domestica exposed to fluctuating
environmental temperatures [30]. Furthermore, the
GRAVY values were predominantly close to zero or
negative, indicating that the Cation ATPase proteins
exhibit an overall hydrophilic tendency, which likely
reflects the presence of large cytosolic catalytic
domains. This hydrophilic nature is consistent with
their structural organization as integral membrane
proteins possessing substantial cytosolic components,
functioning in aqueous cellular environments and
participating in ion transport and energy metabolism
[26].

Table 1: Physicochemical properties of the Cation ATPase proteins in
M. domestica.
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3.4. Structure of Cation ATPase Genes

To gain deeper insight into the structural evolution
of the Cation ATPase gene family, the exon—intron
organization of 36 such genes identified in M.
domestica, Ae. albopictus, and D. melanogaster was
comparatively analyzed (Figure 2). The analysis
revealed a strong correspondence between gene
structure and their phylogenetic relationships.
Overall, the Cation ATPase genes exhibited
considerable variation in exon—intron architecture,
reflecting the structural diversification of this gene
family during dipteran evolution. Despite this
variability, genes within the same phylogenetic
clades generally displayed highly similar exon—intron
patterns, indicating a conserved structural framework.
This concordance between phylogeny and gene
organization indicates that the observed diversification
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was driven by lineage-specific duplication events and
subsequent structural divergence, whereas structural

conservation was maintained within specific clades.
In M. domestica, several paralogous Cation ATPase
genes exhibited nearly identical exon counts, intron
positions, and coding sequence lengths, strongly
supporting recent gene duplications. Similar structural
conservation was also evident in Ae. albopictus and
D. melanogaster, where closely related orthologous
genes maintained comparable gene architectures
across species. Such conservation implies strong
selective constraints and highlights the evolutionary
stability of core structural features within the Cation
ATPase family. Conversely, certain clades displayed
increased structural complexity, characterized by
increased exon counts and longer intronic regions.
These features were particularly pronounced in

| Volume 2 Issue 2



https://jpp.yeniyuzyil.edu.tr

ARASTIRMA MAKALESI / RESEARCH ARTICLE

specific subclades, indicating that intron gain, exon
duplication, or exon shuffling may have contributed
to the structural expansion of these genes. These
genomic modifications are widely recognized as key
mechanisms driving functional diversification in large
multigene families [31,32,33].

Additionally, variations in untranslated region (UTR)
length and organization were observed among the
analyzed genes. The presence of extended 5’ and 3’
UTRs in some Cation ATPase members may indicate
species- or gene-specific regulatory adaptations,

Journal of PhytoPharmacy

potentially influencing post-transcriptional
regulation, such as mRNA stability or translational
efficiency. Collectively, the exon—intron structure
analysis indicates that the structural evolution of
the Cation ATPase gene family in Diptera has
been shaped by a combination of gene duplication,
structural conservation, and selective architectural
diversification. These findings further support the
notion that the Cation ATPase family represents a
structurally dynamic yet evolutionarily constrained

group.

Figure 2. Exon-intron organizations of Cation ATPase genes, visualized

using GSDS.
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3.5. Identification of Conserved Motifs

To identify conserved sequence patterns at the
protein sequence level, a motif analysis of the 13
Cation ATPase proteins identified in M. domestica
was performed using the MEME Suite (Figure 3).
The analysis revealed a total of ten conserved motifs
distributed across the analyzed proteins. All identified
motifs exhibited highly significant p-values, indicating
that they represent evolutionarily conserved features
with potential functional significance. Furthermore,
motif distribution exhibited considerable variation in
both motif number and arrangement among Cation
ATPase family members. While most proteins
displayed multiple conserved motifs, others contained
significantly fewer. Notably, Mdom-N-CATPase-07
contained only a single conserved motif; this severe
truncation indicates it may represent an incomplete
genomic assembly, a pseudogene, or a catalytically
inactive variant. Truncated isoforms derived from full-
length P-type pumps can exert a dominant-negative
regulatory effect by forming heterodimers with active
pumps [41,44]. In this context, the presence of only a
single motif in Mdom-N-CATPase-07 raises the
possibility that this protein, rather than functioning
as a catalytic pump, may act as an auxiliary subunit
modulating the membrane trafficking or activity of
other Cation ATPases. This structural diversity may

reflect the genetic basis of physiological adaptation
mechanisms in M. domestica, although functional
assays are required to link such variants to specific
environmental stress or insecticide resistance.
In contrast, several proteins, including Mdom-
C-CATPase-01  through  Mdom-C-CATPase-04
and Mdom-N-CATPase-01 through Mdom-N-
CATPase-04, exhibited highly similar motif
compositions and linear arrangements. This strong
conservation of motif architecture supports a close
evolutionary relationship and implies functional
similarity.

Furthermore, the consistent positioning of most
motifs highlights conserved functional regions within
the Cation ATPase family. These conserved motifs are
likely associated with essential domains responsible
for ATP hydrolysis and ion translocation. Conversely,
motifs restricted to specific paralogs may contribute
to functional specialization, facilitating differential
regulatory mechanisms or substrate specificities.
Collectively, the motif analysis demonstrates that M.
domestica Cation ATPase proteins possess both highly
conserved core motifs and paralog-specific motif
configurations, reflecting a dynamic evolutionary
balance between core structural maintenance and
functional diversification.

Figure 3. The conserved motifs of Cation
ATPase proteins in M. domestica.
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3.6. 3D Structure, Protein-Protein Interactions, and
Gene Ontology Analysis of Cation ATPase Proteins
To place the Cation ATPase proteins of M. domestica
within a functional cellular context, protein—protein
interaction (PPI) networks were constructed using the
STRINGdatabaseforfiverepresentativememberseach
from the Mdom-N-CATPase and Mdom-C-CATPase
subgroups (Figure 4). This comparative analysis
aimed to assess whether clade-specific structural
variations are reflected in distinct interaction patterns
and functional roles. The constructed interaction
networks revealed that members of both the Mdom-
N-CATPase and Mdom-C-CATPase subgroups
form tightly interconnected clusters. Within each
group, high-confidence interactions were observed,
indicating a high degree of functional coherence
and cooperative activity. The dense connectivity
patterns indicate that proteins from both subgroups
participate in shared or closely related biological

processes. In the Mdom-N-CATPase network, all
five analyzed paralogs exhibited extensive mutual
interactions, forming a dense interaction module. A
similar interaction architecture was observed in the
Mdom-C-CATPase network, where all five analyzed
paralogs also displayed high-confidence reciprocal
interactions. The parallel organization of these two
networks implies that both subgroups maintain
conserved interaction interfaces within the Cation
ATPase family [26,34,35]. The comparable network
topology observed between the Mdom-N-CATPase
and Mdom-C-CATPase subgroups indicates that
clade-specific divergence has not disrupted the core

interaction capacity of these proteins. Instead, the
preservation of dense interaction networks supports
the notion that members of both subgroups are
functionally active and may act in concert to mediate
protein complex formation or regulatory processes.

Figure 3. Protein-Protein Interactions of the Mdom-N-CATPase and
Mdom-C-CATPase subgroups.

To investigate structural conservation, three-dimensional (3D) models of 13 representative proteins were
generated using Phyre2. These structures exhibit a high degree of structural similarity, and the characteristic
transmembrane helices and cytosolic domains are largely conserved (Figure 5).
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Figure 5. Three-dimensional structures of representative M. domestica Cation ATPase
proteins. The values in parentheses represent the confidence and coverage, respectively.
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Gene Ontology (GO) enrichment analysis of
the Mdom-C-CATPase subgroup indicated that
these proteins function as P-type cation pumps,
demonstrating a particularly high enrichment for
P-type ion transporter activity and ATPase-coupled
cation transmembrane transport (Figure 6). P-type
ATPases are ion pumps that drive ion transport
by undergoing conformational changes via ATP-
mediated phosphorylation during the transport cycle
[35]. Furthermore, Biological Process annotations
(Figure 7) indicate that, in addition to inorganic
cation transmembrane transport, these proteins are
involved in the maintenance of cellular calcium and
metal ion homeostasis. These findings indicate that

these proteins likely represent plasma membrane or
sarco/endoplasmic reticulum calcium pumps, which
is consistent with the canonical roles of these pumps
in modulating intracellular calcium gradients [36,
37]. Furthermore, the significant enrichment for
cytosolic calcium regulation highlights the active
role of Mdom-C-CATPase subgroup members in
intracellular calcium signaling. Given the critical role
of calcium homeostasis in muscle contraction, nerve
transmission, and the regulation of detoxification
enzymes in M. domestica and other insect species
[38], this subgroup constitutes a promising molecular
target for the development of novel pump-inhibiting
insecticides.

Figure 6. Gene Ontology Molecular Function analysis of the Mdom-C-CATPase subgroup
in M. domestica.

Volume 1 Issue 2 | | Journal of PhytoPharmacy

64


https://jpp.yeniyuzyil.edu.tr

Journal of PhytoPharmacy

ARASTIRMA MAKALESI / RESEARCH ARTICLE

65

Figure 7. Gene Ontology Biological Process analysis of the Mdom-C-CATPase subgroup
in M. domestica.

The Gene Ontology enrichment analysis of the
Mdom-N-CATPase subgroup indicated functions
associated with catalytic activity and ion transport.
Within the Molecular Function category (Figure 8),
this subgroup was significantly enriched in the terms
'P-type transmembrane transporter activity' (FDR<1.0
x 10-19) and 'ATPase-coupled cation transmembrane
transporter activity'. All seven analyzed members of
the Mdom-N-CATPase subgroup were annotated with
'ATP hydrolysis' and 'ATP binding' terms. As observed
in the Mdom-C-CATPase subgroup, five members of
this subgroup were also predicted to exhibit ‘P-type
calcium transporter activity’. Notably, enrichment for
the ‘metal ion transmembrane transporter activity’
term among six members of the Mdom-N-CATPase
subgroup was highly significant. The Biological
Process annotations presented in Figure 9 indicate that
the Mdom-N-CATPase subgroup plays a significant
functional role. The most significantly enriched
process was ‘cellular metal ion homeostasis’ (FDR <
1.0 x 10-09), while other significantly enriched terms
included ‘inorganic cation transmembrane transport’
and ‘cellular calcium ion homeostasis’. In particular,
their association with the regulation of cytosolic
calcium ion concentration indicates that members of
this subgroup function not only as primary transporters
but also as key modulators of intracellular calcium
signaling.

Journal of PhytoPharmacy |

Functional enrichment analysis of the Mdom-N-
CATPase subgroup in M. domestica revealed that
these proteins harbor structural motifs essential for
their catalytic activity and conformational transitions.
The highly significant enrichment of P-type
transmembrane transporter activity (FDR < 1.0 x 10-
19) within the Molecular Function category for this
subgroup aligns with the presence of the Actuator
(A) domain, a characteristic structure of P-type
ATPases [39]. The N-terminal regions of P-type
pumps typically harbor the A domain, characterized
by the conserved TGES motif. This motif facilitates
the dephosphorylation of the phosphorylation (P)
domain, a process essential for governing the El-
E2 conformational transitions. Consequently, the A
domain plays a central role in coupling ATP hydrolysis
to ion transport [40]. The significant enrichment
of cellular metal ion homeostasis and inorganic
cation transmembrane transport processes indicates
that members of this subgroup function as general
cation regulators in M. domestica, while the specific
enrichment of the regulation of cytosolic calcium ion
concentration highlights that certain paralogs have
specialized as calcium pumps. In insects, transcripts
encoding these pumps frequently undergo alternative
splicing within their N-terminal regions and this
structural variability may affect the pumps ion affinity
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or transport rate in different tissues [41, 42]. Furthermore, the robust enrichment of ATP binding and
ATP hydrolysis activities in the Mdom-N-CATPase subgroup is consistent with the canonical roles of the
N-terminal and Actuator domains in driving the catalytic cycle, contrasting with the autoinhibitory functions
often associated with C-terminal tail interactions

[36, 40, 43].

Figure 8. Gene Ontology Molecular Function analysis of the Mdom-N-CATPase subgroup
in M. domestica.

Figure 9. Gene Ontology Biological Process analysis of the Mdom-N-CATPase subgroup
in M. domestica.
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In conclusion, the comprehensive in silico
characterization of the Cation ATPase family in Musca
domestica, supported by 3D structural modeling and
domain-level analyses, provides a computational basis
for evaluating these proteins as candidate molecular
targets in vector control studies. The structural
features, conserved protein regions, and predicted
interaction networks identified in this study may
support the prioritization of plant-derived bioactive
compounds and bio-engineered inhibitor candidates
in structure-based virtual screening approaches.
However, these findings should not be interpreted as
direct evidence of insecticidal activity, but rather as a
target-oriented preliminary framework that requires
experimental validation. The integration of genomic,
structural biology, pharmaceutical biotechnology,
and phytopharmacological approaches may guide
future efforts to develop more selective, sustainable,
and environmentally compatible bio-insecticide
strategies against M. domestica.
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