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AHHOTaIUSA KnroueBbie ctoBa

C ucnonb3oBaHNEM aTOMHO-CUIOBOM ~ MMKPOCKO-  AdcopOyuoHHAs onmuueckas
MY, Ta3ePHOM MHTepPepeHIMOHHON MMUKPOCKOIINN, — tHOMOPAPUs, AMOMHO-CUNI08A5
MUKPOCIIEKTPOCKOINY KOMOMHAI[VIOHHOTO PACCeAHMA  MUKPOCKONUS, 8000POCHU,

" abCOpOIMOHHOI ONTNYeCKOt ToMorpadun uccneno- Haematococcus lacustris,
BaHbl MOPOIOTHSA U PacIpesieieHne CTPYKTYP KIeTKM  MUKPOCKONUS KOMOUHAUUOH-
senmeHolt Mukposopopocn Haemotococcus lacustris.  Hozo paccesnus, nazepHas un-
[ToxasaHo, YTO MpUMEHEHNE MUKPOCTIEKTPOCKOINM  mepdepeHylonHas MUKPOCKO-
KOMOMHAIVIOHHOTO PacCesiHNSI TIO3BOJISIET ONPENENUTh  nus

HOJIO>KEHE OT/E/IbHBIX KIeTOUHBIX CTPYKTYp (XI10po-

IUTaCThI), COCTAB ¥ KOH(OPMALIIO MOJIEKY/I IMTMEHTOB

(xapoTMHOM/BI), ATOMHO-CUIOBOJI MMKPOCKOIUY —

JlaTepajibHble ¥ BepPTHKA/IbHbIE pa3Mepbl KIETKM, Jla-

3epHOIT MHTep(EpeHIIVIOHHON MUKPOCKOIUM — Olie-

HUTb MOPQOJIOTMIO U/WIN TI0Ka3aTe/b Mpe/IOMIeHNA

BelllecTBa U, KaK CJIefiCTBME, JIOKAIbHYIO KOHIIEHTpa-

LIMIO BelllecTBa B KJIeTKe. ITO JaeT BO3MOXKHOCTD IOy~

9UTh MHPOPMALMIO O BHYTPUKIETOYHBIX CTPYKTypax.

Vcnionp3oBanme abCOpOLIMOHHOI ONTUYIECKO TOMO-

rpa¢uy HO3BOMWIO IIONYYUTh TPeXMepHble u300pa-

JKEHVsI MOJYIPO3PAYHbIX KIETOK MMKPOBOZOPOCTIN

Haemotococcus lacustris, IMEIOLIMX TOBOIBHO CIIOXK-

HYIO CTPYKTYpy, M BM3yaM3MpPOBaThb CYOK/IETOYHbIE

CTPYKTYpbI KJIETKM BOJOPOCIY HECMOTPsS Ha CU/IbHOE

HOITIOLIEHNe CBeTa BHYTPM KIETKM. Takum obpasom,

KOMIUIEKCHOE JCIIO/Ib30BaHMe aTOMHO-CUJIOBON U Jia-

3epHOIl MHTePPEPEHINOHHOI MUKPOCKOINIL, MUKPO-

CIIEKTPOCKOINY KOMOVMHAIIMOHHOTO paccestHust 1 ab-
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COpOLIMOHHON ONTUYEeCKO) TOoMOrpaduy I03BOJAET

3HAYUTEIbHO PACHIMPUTH BO3MOXXHOCTH MICCTIEJOBaHM A

U HOZIy4UTD AETATbHYIO ¥ KOMIUVIEKCHYIO MH(POPMALINIO

KaK O FeOMeTpMM KITKM U pacipefeneHun cyoxiae- Ilocrymmaa 19.06.2023
TOYHBIX CTPYKTYP, TaK 1 00 X MOJIEKY/IApHOM cocTaBe IIpmuara 05.07.2023

" KoH(OpManuy MUrMeHTOB © Astop(sr), 2024

Paboma evimontena npu noddepicke MexmoucyuniuHapHoti Hay4Ho-06pazosamen-
Hotl wikonvl MI'Y umenu M.B. Jlomonocosa «MonexynsapHvie mexHOnm0eUuu #Hueblx
cucmem u cunmemuveckas Ouonoeus». CnoHcop He y4acmeosan 6 paspaborike
uccnedosanus, npu coope, amanuse UmU UHMepnpemauuu OaHHbIX; 6 HANUCAHUU
PYKONUCU U 6 peuieHUU 0NYONUK0BAMb Pe3ybmambl

BBenmenne. B HacTosIee BpeMA I MCCIe[OBaHNA MOPQOIOTIN KIETKY Y V-
HaMVIKJ CyOKIETOYHBIX CTPYKTYP LIMPOKO VICIIO/IB3YIOT Pas3/M4Hble METOABI OII-
TIYeCcKOi (a30BOJ MUKPOCKOINM, BK/IIOYAs JIa3ePHYI0 MHTEP(epeHIVIOHHYIO
mukpockomnio (JIVIM) [1-6]. OnHako BHepeHMe TaKUX METOZIOB COIIPOBOXK/A-
eTCsl TPYSHOCTSIMY, CBSI3aHHBIMY C IIPO6JIEMOII pasperieHns 1 UAeHTUPUKALN
BHYTPUK/IETOYHBIX CTPYKTYP K/IeTKU. B cBsA3M ¢ 3TMM 0co60e BHMMaHUe yens-
ercsl pa3paboOTKe METOMVIK ONTIYECKOil ToMorpaduy B COYETaHUM C aTOMHO-
cunoBoit Mukpockomeit (ACM), JIVIM 1 MUKPOCKOIIMM KOMOVMHAIMOHHOTO
paccesinuss (KP) (cm., mampumep, [7, 8]). ATOMHO-CMIOBas MMKPOCKOINS
K/IETOK I103BOJISIET MCCIEOBATh MX pasMepbl ¥ B HEKOTOPBIX CIyYasiX MOMYIIb
yupyrocty (>kectkocTb) Kimetok [8-10], KP-MuMKpOCKONVIO VICHONB3YIOT IS
OLIEHKV COCTaBa, KOH(POpMAIUM ¥ paclpefie/ieHNA BeIecTB B KiIeTkax [7, 11,
12], ontmyeckas ¢asopas Tomorpadusa un JIVIM m0o3BOIAIOT OLEHNMBATL pa3Me-
pbL, GOpMy, MEXaHNJeCKIe XapaKTepUCTHKIA U paclpefie/ieHle BellleCTBa BHYTpH
K/IeTKH [3, 5, 13, 14]. CoueraHue 9TMX METOZOB O3BOJIAT IIOTYYUTD IIOAPOOHYIO
VI KOMIDIEKCHYI0 MHQOPMAIVIIO O TeOMETPYI KITKI U PacIipefie/leHny CyOKiIe-
TOYHBIX CTPYKTYP, X MOJIEKY/LIPHOM COCTaBe VI KOH(POpMAIVIV T MEHTOB.
OpHMM 13 METOJ[OB, NO3BOJIAIOIINX VCC/IENOBATh TPEXMEPHYIO CTPYKTYPY
KJIETKM, sABJIAeTcA abcopbuyonHas ontndeckas romorpagusa (AOT). Ontnye-
CKMIT MUKpOTOMOrpad MO3BOIAET IIONTYy4aThb TOMOTPAMMBbI >KMBBIX IOJTYIIPO-
3payHbIX KJIETOK B peXMMe IornouleHys cBeta. OCHOBHOE IPENMYIeCTBO
ucnonb3oBauys AOT saxmoyaeTcss B TOM, 4TO 6OJBIIOE YKCIIO OMOMOrMYe-
CKMX OOBEKTOB XapaKTepuU3yeTcsl Ha/l4yeM MOTyIPO3pavyHbIX HEOJHOPOJHO-
CTeil BHYTPM KJIETOK, 4YTO CIIpaBef/IMBO U B OTHoueHuu Haemotococcus
lacustris (H. lacustris). Bce 9T0 He II03BOJIsET 3aperUCTPUPOBATH Pa3oBYIO CO-
CTAaB/IAIOLIYIO MOJIS1 B IIMPOKOM JAMala3oHe 3HaYEHWUI! YIIOB 30HAMPOBAHNS
obbekra. [ToaToMy i mccmenoBanysi MOpdOIOrUM BHYTPEHHEI CTPYKTYPBI
KJIETKM ¢ OOJIbIIVM YMC/IOM HEOJHOPOJHOCTENl HeoOXOAMMO MCIIONb30BAaTh
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AOT, 1103BOJIAIONIYIO OIIPefe/UTb a0COMIOTHYIO BE/IMYMHY U KOHTPOIMPOBATh
IMHAMUKY pacrpefeneHns KoddduijmeHTa NOINOILEHNUs BHYTPU KIETKU
Ha J/IHe BOJTHBI 30HAUPYIOIEro U3TyIeHN.

B Hacrosiiiee BpeMsi METOABI U QITOPUTMBI TPAAMIIVIOHHON OINTIYIECKO
KOMIIBIOTEPHOIT TOMOTrpaduyt He paclpOCTPAHSIOTCS Ha KIETKM 6ojiee CI0KHOI
bopMBbI, HapyMep KJITKM BOZOPOC/IN, MIMEIOIIVie MHOTOUVIC/IEHHbIe BHYTPUKIIE-
TOYHbIE CTPYKTYPHI (PO, XTOPOIUIACTBI, BAKYO/IN I T. II.), KOTOPbIe IOIJIOIAl0T
cBeT. CoBpeMeHHbIe METO/IbI ITO3BOJIAIOT TONBKO PEKOHCTPYMPOBATh M300pake-
HJIe BHYTPUK/IETOYHBIX CTPYKTYP B HEKOTOPOM IIPUOIVDKEHNMN [jaXKe TIPY HeIIoI-
HBIX M HETOYHBIX NpoeKIyAX. OYeBMIHO, YTO JOCTOBEPHOCTb IOMYYEHHBIX
M300pa>KeHNT BBI3bIBACT COMHEHME, a BBIBOBI O KOPPE/LAINY M300pasKeHNA
VI peaJIbHBIX CTPYKTYP KJIETKV HEOOXOVIMO JeIaTh ¢ OOJIBIION OCTOPO>XKHOCTBIO.

PaHee BO3MOXXHOCTY IIPVIMEHEHNS Pa3IMYHbIX METOJIOB ONTIYECKON KOM-
IBIOTEPHOIT TOMOTrpad Y IPOAEMOHCTPUPOBAHBI IIPY MCC/IEIOBAHMY KIIETOK BO-
mopociu crimporupsl [15-17], Bogopocneit Pandorina morum [18-20], a Takxe
Ha IMaTOMOBBIX BOJOPOC/IAX (Hanpumep, [21, 22]). [TonydeHHble aBTOpamMu IaH-
Hble MOPQOJIOTVN KIeTKM ([/IVHA, IIVMPYHA, Pa3MepBl ITOp U T. I.) XOPOIIO COIJIa-
CYIOTCSL C pe3y/IbTaTaMM, OIPEleJIeHHbIMM C JICIIONb30BAaHMEM JIPYTVUX METOJOB
(HampyMep, CKaHMpYIOLIEN 3/IeKTPOHHON MuKpockormmu) [22]. C momolmibio
OIITMYECKOJI KOMIIbIOTEpHOII ToMmorpaduu Bopopocneit Skeletonema marinoi
VI IMaTOMOBBbIX Bopopocrneit Thalassiosira rotula BbIABIeHBI peabHbIe (HOPMBI
VI pa3Mepbl XTIOPOIUIACTOB ¥ VX PACHOJIOXKeHNe B KiIeTKe. [Ipy Hamuaum B OKpy-
JKalolllell cpefie aHTPOIIOTEHHBIX BEIECTB B X/IOPOIUIACTaX BOXOPOCIM OOHa-
PY)XMBaeTCsl HapylleHNre CTPYKTYPbl OpraHe/Uibl [23], 4TO MOXXeT IpPUBECTH
K MHIMOupoBanuio ¢porocuuTesa n cuHTesa ATO. OnTrdeckas KOMIbIOTEpPHAs
tomorpadusi ObUTa WMCHO/MB30BaHA [UI  MCCENOBAHUS  MUKPOBOZOPOCTIEN
Nannochloropsis oculata (N. oculata) B 1e/sX OIpefeneHNs COfePKaHVs JIVIIN-
OB B OTHeNbHON KieTke [24]. YcraHoBmeHo, uto npu peduimre asora
B N. oculata HabmofaeTcst HAKOIUIEHNE JIUTINOB U IIPOUCXOISAT U3MEHEHMsI 00b-
eMa ¥ MacChl CyXMX KJIETOK, @ TaK)Ke MAacChl JIMIINZIOB OT/ENbHBIX K/IETOK. JTU
JIaHHBIE COITIACYIOTCS C IIPEJCTAaB/ICHNEM O TOM, YTO HESOCTATOK a30Ta MOXKET
KOMIIEHCHPOBATbCS PasyIoKeHyeM Oe/IKOB JIA HOofiiep>Kanusa MeTabommsma [25].

IJenv pabomvi — TPUBECTV Pe3yAbTATHI UCCIETOBAHMS T€OMETPUUIECKUX
IapaMeTpOB KJIETKV BOJOPOC/M, JTOKAIN3AINM BHYTPUKIETOYHBIX CTPYKTYP
VI pacnpefeniennsa OTHE/NTbHBIX MOJEKyn ¢ nomoipio meromos ACM, JIMM
u KP-MukpocnekTpockonmy, aHaaus MOpQonorny KIeTKu BOJOPOCIN € VIC-
nonb3oBanneM AOT.

Marepuansl u Meronsl. [Ipuzomosnerue npenapamos. VIsobpaxxeHus or-
tdeckoit JIVIM, KP- 1 ACM-usobpaskeHnst perncTpupoBanm Ha GUKCUPOBAH-
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HBIX IIperapaTax 3e7eHbIx Bopopocneit H. lacustris [26]. KynbTypbl MukpoBopo-
pocnyu BeIpamuBany Ha cpefe BG 11 [27] Bo ¢rakoHax cTalMOHapHO IpY IO-
crossHHOM ocBemeany 40 Mxmonb ¢doroHoB DPAP/ (M*-c) B TedeHme IBYX
Hefiennb. 1714 IoTydenns IpenapaToB CyCIIeH3NI0 BOJOPOC/IEN HAHOCU/IY Ha Pas3-
Me4YeHHOe ITOKPOBHOE CTEK/IO U BBICYHIMBaIM Ha Bo3ayxe. [lomydyeHHble mperma-
partbl ucnonb3oBamm A nposefenna KP- m ACM-usmepenmit. [Ina nomyde-
HMA cBeToBbIX 1 JIVIM-1306pa>keHni MUKpOCKOINM Ha IOKPOBHOE CTEKIIO, CO-
fieprKalllee BbICYIIEHHbIE K/I€TKM, HAaHOCWIM 5 MK PacTBOpa ITIMLEPUH:BOJA
(1:1 mo o6bemy) u yepe3 10 MMH ITOMeIIa/IN Ha 3epKaIbHYIO ITOJJIOKKY (KIeTKa-
MM K 3epKaTy), 3aTeM IIPOBOAVIIN V3MEPeHVs.

Abcopbyuonnas onmuueckas momozpagus. IlogpobHoe onycaHme sKcIe-
PUIMEHTAIbHON YCTAaHOBKM IIpUBefieHO B [28]. B kadecTBe MCTOYHMKA HU3KO-
KOT€PEHTHOTO M3Ty4eHNsA MCIOIb30BaIM KO/UIMMUPOBAHHBIN JIMH301 TOYed-
Hblit ceetopmon Mogemt KEDOS8ORAXH (Kyosemi Co., Anonus): neHTpanbHas
IJIMHA BOJHBI M3lMydeHus 650 HM, NOAyMIMpPUHA CIEKTPa MU3IydEHNs
10 HM, MomHOCTD M3mydeHus 0,6 MB mpu Toke 25 MA), pasMep IJIOIAJIKI U3-
nygerns 80 MKM> (3TO TIO3BOTMIO CHM3UTD IIYMBI IOMyYaeMbIX M306paKe-
Huti). Ga3oBble M300paXKeHMS TTONTYYaIN C UCIIO/Ib30BaHMEM CABUTOBOTO VMH-
teppepomerpa (puc. 1). Obpaser; momemiamy MeXy ABYMs HOKPOBHBIMU
CTeK/IaMU ¥ OCBeIla/Ii MapajUle/IbHBIM JIy4OM CBeTa (IIOJ pas/IN4HbIMM YIJIa-
MJI) Yepes MIMPOKOANIePTYPHBII 00BEKTUB IS IIOTydeHys mpoekunit. Hakmon
Jyya M3MEHA/IN ITOBOPOTOM 3€pKajia ¢ IIOMOIIbIO rajbBoCKaHepa. Jl1amnason
CKaHMPOBAHNA B YCTAaHOBKE COCTABI/I IPUMeEPHO + 60°.

2

! 3 Puc. 1. Cxema cABUTOBOTO MHTEP-

depeHnMOHHOTO MUKpOTOMOTpada:

1 — HU3KOKOTE€PEHTHBIV TOYEYHBIV CBETO-
muox (LED); 2 — xomnmuMaTopHas JMH3a;
3 — ympaBniAeMoe MOBOPOTHOE MOTYIIPO-
3pavyHoe 3epKayo; 4 — IJIOCKOIapanieabHasa
JIMH33; 5 — IMPOKOANEPTYPHbIT 00bEKTUB
L7151 OCBeleHMst 0Opasiia; 6 — obpasels;
8 7 — UIeHTUYHBIN 5 IMPOKOANIEPTYPHBIN
00BEKTUB [/Is1 IIOTYy9eHNs N300 parKeHN;
9 8-12 — cucrema nuHs; 10, 11 — 3epkana

S 10 CIBUTOBOTO MHTePhEPOMETPA, COAEPIKALIETO
} =2i CBETOJe/INTEIbHBII KyOuK 50/50 Mexny
v 11
13 12

N SN K

HuUMuy; 13 — CBETOTYBCTBUTE/IbHAA MaTpulia,

rg-l/'v\ ucnosb3yeMas i GopMupoBaHus 13o6pa-
11 Ao JKeHU S
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J306pa>keHne KIeTKY IIOTy4aly C MCII0/Ib30BaHMEeM alropuTMa (HasoBbIX
IIATOB, OJJHO U3 3ePKal CMEIANoCh C MIOMOIIBI0 IIbe303/IeMeHTa. VI300pae-
Hye GOpPMUPOBAIY Ha CBETOYYBCTBUTEIBHON MAaTpUIie, IIPYMEHSSA CUCTEMBbI
muH3. BoccranoBienne $a3oBbix 1M300paXkeHMIT IPOBOAVII METOLOM MHTEP-
depomerpun (as3oBbIX LIaroB. B pesynbrare KaXkas MpoeKIys IpefCcTaBIsiia
coboi1 M3oOpakeHNe, aHAJIOTMYHOEe M300pakeHuIo, Moy4eHHOMY B fudde-
PEHIaTbHOM MHTepEePEHIMOHHO-KOHTPACTHOM MUKPOCKOIIE, HO C YMC/IeH-
HBIMM 3HAYEHUSIMU, COOTBETCTBYIOIMMI IPOU3BOLHOI dase.

Il xambpoBKy TOMOrpada MCI0/Ib30Ba/IN CTEeK/IIHHBIE cepbl pa3MepoM
5 MKM, 4TO [IO3BOJIM/IO OIIPENeIATh pasMep BOKCE/sI B BOCCTAHOBJIEHHOM U300-
paxenun (0,1 Mxm®). Bpems perncrpauny nonnoro Habopa mpoekumii 8...10 c.
[l viccnenoBaHusA KJIETOK BOZOPOCM OOJBLIOTO pasMepa, [yaMeTp KOTOPBIX
coctasysit 80 MKM, TOMOrpad paboTan B peXxyMe IOTTIOIeHISI CBeTa.

Il Toro 4ro6bl KOMIIEHCHPOBATh BIVAHME JUQPPaKLMy, MCIONIb30BAIN
OPWUTMHA/IBHBI QITOPUTM OCTPOI (OKYCHPOBKU. /I IHONMyYeHUs YETKOTO
1300pa)keHsA BCell BOJOPOCIN IPUMEHS/IN MIPOLeAyPY MHOTOKPATHOTO Habopa
HpoeKIit Ipy HOKYCHPOBKe Ha pasiuyHble cedeHrst BHYTpu KieTku. CKaHU-
pOBaHIIe BIOJIb OITMYECKOI OCH B IIpoliecce Habopa MPOEKINIT OCYLIeCTBILAIOCH
MeXaHu4ecKy. [I/i1 MMKPOBOZOPOC/IEH MOMYYeHO [IeBATh HAOOPOB IPOEKIINIL.
[Ipy pekOHCTpyKIyM TOMOrpaMM i popmupoBaHusa 3D-usobpaxeHus uc-
HIO/Ib30BA/IY TO/IBKO M300payKeHVsI CeYeHMII, IIONydeHHble B 00/IacTM OCTpOil
¢dokycuposkn. OnycaHHasA IpoLeypa I03BOMIIA CYLIECTBEHHO OC/TA0NUTD BIIN-
sHUe IUQPPaKIMOHHBIX 3G (eKTOB U OT(MIBTPOBATh pacCesTHHOE M3TyYeHUe.
Bo MHOrOM 3TOT a/ITOPUTM aHA/IOIUYEH IOTy4eHNI0 HAOOPOB IIPOJOIbHBIX TO-
MoOrpaMM B KiaccudeckoM tomorpade bokaxa (mogpobHo Teopust popmupoBa-
HUS KJIACCMYECKMX TOMOTPaMM omicaHa B [29]).

Ins anamsa AOT-uso6paxxennit MukpoBopopocnu H. lacustris ucmosnb-
3oBa/mm nporpammy 3D Slicer, KoTopas IO3BONMWIA MOTYYUTb U VICCTIELOBATDH
IIPOV3BOJIBHO OPMEHTUPOBAaHHbBIE CPe3bl KIETKV, CTPOUTh MO/ OBEPXHO-
CTU Y3 METOK M300pa>keHMil U MOTyINTD alllapaTHO-YCKOPEHHBII 00beMHBIN
penpepusr (3D-usobpaxeHnne).

Onmuueckas u n1a3epHas unmepdepeHyuoHHAS MUKpockonus. JIna cpas-
HeHuA ¢ AOT ncnonb3oBay a3epHBIl aBTOMATU3VMPOBAHHbIN VIHTepdepeH-
MoHHBI MuKpockon MUA-1 ¢ xamepoit mogemu UI-3140cp (IDS): yepHo-
Oemas Marpuna ¢ paspemrenueMm 1280 x 1024, wactorta kagpos 50 fps, Bpems
akcriosumym 10 Mc, o6bexTnB 33x/0.65NA. Pasmep m3obpakeHnit oObekTa
200 x 150 mx™m [30, 31]. Ynpasrenne npubopom u rnonydenne ¢asoBbix 1306-
paXeHUi 1o MHTepdeporpaMmMaM OCYIIECTB/LAIN C VCIIO/Nb30BaHMEM IIPO-
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rpamMbl WinPhast. Tlpu pekoHCTpyKuuu opHOro (ha3oBOro m300paskeHust
npuMeHsm 10 MHTepepeHIIMOHHBIX M300paXKeHNIT, YTO IMO3BOJIANIO PEru-
crpupoBath (asoBble MzobpakeHus ¢ yacroroit 50 fps. JIMIM-usobpakenns
I M300paKeHNsl B OTPaKEHHOM cBeTe (ONTIYecKass MUKPOCKOINSA) IOTydeHbI
C MCIIO/Ib30BAaHMEM JIa3epa C JUIMHON BOJIHBI cBeTa 532 HM. MOIIHOCTD /1a3e-
poB cocrasisna 20 MBT, MOLTHOCTD, IPUXOJALIAACA Ha OfIHY KIEeTKY, — MeHee
2 MBr. JlasepHblil 1y4 HaIpaB/ieH IEPHEHAMKYIAPHO IUIOCKOCTU KJIETKM.
CoracHO ONMCaHNI0 MUKPOCKOIIA, IOTPEUTHOCTDb BJO/Ib ONTUYECKON OCK CO-
craB/sia He 6omee 1,9 HM, B wiockoctu XY — 0,5 MKM, IIOBTOPSIEMOCTDb pe-
3y/lIbTaTOB M3MepeHui s < 0,1 am.

Cnexmpockonus KomOuHAYUOHH020 paccesHus. VIamepenns crekrpoB KP
IPOBOAMIN Ha KOMOVHUPOBAHHOM KOH(OKAIBHOM MMKPOCKOIIe-CIIeKTPO-
metpe «VHTerpa-Crexrpa» (HT-MJT, 3enenorpan, Poccus). [lna perucrpanym
CIIeKTPOB VICIIO/Ib30BA/I J/IVHY BOJIHBI BO30Y)K/JAIOI[ero cBeTa 532 HM, peleTKy
600 1mT./MM, 00BeKTUB 20X, BpeMs perCTpanuy OTHENbHOTO CIIeKTpa I IO-
nydennst n3obpaxkenusa 0,1 c. B kaxpmoil Touke M300pakeHMs 3amyChIBaIN
ciektp KP B muamasone sHavenmit 200...2400 cm . Hambornee MHTeHCUBHBIE
HOJIOCHI B CHEKTpe IPMHAIEKAT KapOTMHOMIAM, /Il KOTOPBIX TaKasd IJIMHA
BOJIHBI BO30YXK/IeH!UsA SABJIIETCS Pe30HAHCHOI. [ IOCTpoeHus M300paskeHmit
B KQXKJIOJl TOUKE PacCUUTBIBAIY MHTETPal IIOJ, KPUBOIL ITOC/Ie BEIYMTAHNS 6a30-
BOJI JIMHUY B [Marta3oHe 3HadeHnit 1485...1565 cm'. B aToM juanasoHe paciio-

noxena monmoca KP ¢ makcumymoM 1530 cm ™!, KoTopas cOOTBETCTBYeT Kome6a-
HVISIM IBOJHBIX YITIEPOJHBIX CBsI3el B MOJIEKy/Ie KapoTHHOMAR. VI300paxkeHus
perucrpupoBany Ha miommazau 20 x 20 MM (64 x 64 Toukn). [Tnomane oy aToit
HIOJIOCOJ ¥ MHTEHCVMBHOCTD B K&XK/OJ TOYKEe M300paXKEHVS COOTBETCTBYIOT CO-
JIepKaHUI0 KAPOTUHOMU/OB B 9TOI TOUKe 1300paxkeHus [32].

ATOMHO-CWIOBasg MMKPOCKONNA. ATOMHO-CIJIOBBIE M300pa>keHNsA KIIeTOK
HO/TyYa/yi Ha KOMOVHVPOBAaHHOM KOH(OKaTbHOM MMKPOCKOIIe-CIIeKTPOMeTpe
Nnrerpa-Crexrpa (HT-MIT, 3enenorpan, Poccus). s nomydenus usobpa-
KEHMI1 MCIIO/Ib30Ba/IN IIOYKOHTAKTHBIN pexxuM 1 KaHTuneBepbl NSG10 ¢ pagu-
yCOM KpMBM3HBI MITIbI 10 HM, yacToTa ckaHupoBanus 1 I'u, pasmep nzobpaske-
HUA 256 X 256 TOYEK.

IIposederue usmeperuti. ACM- n KP-nzobpakeHnsa monmyyanm Ha Of-
HUIX U TeX e KJIeTKax 6e3 mepeMelieHns obpasija IOC/IeJoBaTeIbHO, CHaYaIa
ACM-n3o6paxenne, satrem KP. [Jna nonyuenns cserosoro u JIVIM-nuso6pa-
JKEHMI1 Ha TeX >Ke KIeTKaX CyCIeH3MI0 BOJOPOCI/Ieli, HAHECEHHYI0 Ha pa3Me-
YeHHOe CTeKsIo, mocie nposemeHus ACM- un KP-msmepenuit u gobasnenus
pacTBOpa INMIlepMHa ITOMeLalN Ha 3epKa/lbHYIO IOI0XKKY, HAXOAUIN COOT-
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BETCTBYIOINIT KBAJJpaT CTEK/IA M TPYIIY K/IETOK, 3aTeM PErMCTPUPOBATIN CBe-
toBble 1 JIVIM-n1306pakeHusl.

Pesynbrarsl u ux o6cy>kmenne. Voenmupuxkayus pacnpeoeneHusi CrpyKmyp
U MOJIEKYl NUSMEHIOB8 6 Kemke B000pOCTU ¢ ucnonvioséaruem KP-mukpo-
cnekmpockonuu, ACM u JIVIM. B pesynprate ncciefoBaHus HOMydeHbI 1300pa-
JKEHVSI TpeX TPyIII KIeToK (2, 4 u 4 xinerku) [IpenjioxkeHHbIT 37eCh aITOPUTM
HO3BO/IVII TIOJIYYNUTh M300pasKeHVIsI OfHMX U TeX XKe KJIETOK C IIOMOIIIBI0 MeTO/a
cBeToBOI MuKpockomuu (B 6erom cete), ACM, KP (npencrasiena obuast MH-
TEHCMBHOCTD (MHTeTpas) CIleKTpa U IUIOLab HOJ 1momocoit 1530 eml, IIpOIIop-
IIVIOHa/IbHAsI COJIEP>KaHMI0 KapOTMHONOB), MeToioM JIVIM (mpu Bo3Oy>xmeHMM
nasepoM 532 HM), a TaKKe IOITIONeHVsI (IIPY OCBEILeHNN jIa3epaMy JIMHO
BOJHBI 532 1 650 HM).

B pabore mcrnonp3oBamy KIETKYM IITaMMa MuKpoBopopocmu H. lacustris
NAMSU BM1, xoTopas XapaKTepu3yeTCcsl CIOXKHBIM JKM3HEHHBIM LuKIoM. Of-
HOBPEMEHHO B KY/IbTYpe NPUCYTCTBYIO pas/InMyHble KM3HeHHbIe (OPMbI Pa3HOII
Mopdornoruu [26]: 1) BereraTMBHBIE KJIETKM pa3MepoM 4...12 MKM, OKpallleH-
Hble B 3€/IeHbIIT 1IBeT; 2) GOpMUpPYIOLIMecs: FeMaTOLMCThI, YaCTUYHO OKpallleH-
Hble B KPACHBIN IIBET; 3) 3pesible TeMaTOIMCThl — KPYIHbIE KJIETKY AMaMeTpOM
1o 20 MKM 1 60Jsiee, IOTHOCTBIO OKpAIlleHHbIe B KPAcHBI IIBET 3a CYeT HAKOII-
JIeHMsI BTOPUYHOTO KapOTMHON/A aCTaKCaHTMHA; 4) aBTOCIIOPAHTUM — CTPYK-
TYpbl BETeTaTMBHOTO pasMHOXXeHUs cofiepKamye 4-16 aBrocmop (puc. 2, a).
JHorpa B KynbType MAEHTUGULMPYIOTCS IOJBYDKHBIE 300CIOPHI, MMEIOLIe
Ha IlepeJlHeM KOHIIE /iBa >KI'YTMKA, KOTOpbIE JIVIIEeHbI KIETOYHOM CTEHKM 1 I10-
KPBITbI CHapY)K! >K€TaTMHOBOM KaIICy/IOi, COeAMHAIOLIENICA C IPOTOIIaCTOM
TSDKaMI.

BHyTpukIeroyHas opraHusaluy KJIETOK CYIECTBEHHO 3aBVICUT OT MOp-
dotnma kiaeTok. Tak, 3penble HEMOABVIKHbIE BereTaTUBHbIE 3eJIeHble K/IETKIU
MMKPOBOZOPOCTM MMEIOT 4eTKO OYEepPUYEHHYI0 KIETOYHYIO CTEHKY, K KOTOpOI
IpUMBbIKaeT IUTOIUIa3MaTuyecKass MeMOpaHa. B mpucreHHOM obmactu 1uro-
IUIa3MBbl KJIETKV PacIIoJIaraeTcsl KPYIHBI YalleBUIHbI XJIOPOIUIACT (XpOMaTo-
¢dop), B KOTOPOM BBIABIIAIOTCA HECKOJIBKO NMUPEHOUTOB (IIPEACTABIIIOT COO0I
LIEHTPBI CHTE3a CaXapoB) U KpaxMa/lbHbIe 3epHa. B LleHTpe KIeTKM pacrioyara-
I0TCA  SI[PO, HEMHOTOYMC/IEHHBbIE JIUIMAHBIE INOOYIBl (KMPOBBIE KaIUiu)
u ppyrue oprane/iel [33]. B xmoportacte nokammsoBaH HOTOCHMHTETMYECKIUI
aImapaT MIKPOBOJOPOCIIV, BKII0YAs XJIOPO(V/IILI a U b U IepBUYHbIe KapOTH-
Houppl. CxeMaTideckoe M300paskeHue BereTaTuBHON kietkn H. lacustris mpu-
BeJIeHO Ha PIUC. 2, 6. B cTpeccoBBIX yCIOBMAX BereTaTMBHBIE KJIETKY TPaHCOP-
MMPYIOTCSI B TeMaTOL[MCTBI, KOTOPble MMEIOT COBEPIIEHHO APYroe CTPOEHIeE:
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Puc. 2. Pazmunsie MopdoTuns! kineTok H. lacustris B KynbType (a) 1 cxeMaTudeckoe

n300pakeHNne BETeTaTUBHO KeTKu (0):

1 — nurTonnasma; 2 — NUINTHBIE rno6ynbl 1 K/IETOYHblEe OPTaHe/UIbl; 3 — AMPO;
4 — KJIeTOYHAs CTEHKA I IIa3MaTmiecKas MeMOpaHa; 5 — KpaxMalbHble 3epHa;
6 — xpomatodop; 7 — MUPEeHON

K/IETOYHAsi CTEHKA YTOJIIAETCs], KJIeTKa OKPAIIMBAeTCsl B SIPKO-KPACHBI I[BET
3a CYeT HAKOIUIEHVs B IIUTOIUIa3Me BTOPMYHOTO KAapOTMHOMMA aCTAKCAHTHHA,
pasMepbl XJIOPOIUIACTa 3HAYNTEIBHO YMEHBIIAIOTCS, ¥ OH PACIIO/IaraeTcs B IIeH-
Tpe; 1o mepudepun KIETKM HAXOMATCS KPYIIHbIE NUINMAHBIE ITOOYIBI, OKpa-
IIeHHBle B SPKO-KPACHBI 1IBeT. B IIe/IoM IIpOTOIUIACT BEreTaTMBHON K/IETKU
HpefcTaB/sieT co00M JOCTATOYHO IUIOTHYIO CTPYKTYPY, OCHOBHBIM KOMIIOHEH-
TOM KOTOpPOTO SIB/ISIETCs TPUMBIKAMOINIT K 000/I0UKe YallleBUIHBII XPOMATO-
¢dop. OcobeHHOCTV BHYTPEHHETO CTPOEHMsI BIVAIOT Ha IOTyYeHHbIe PasHbIMU
MeTOjaMy M300paKeH Vsl ¥ CIIEKTPHI.

KP-mukpocnexmpockonusi knemox 6odopocnu. IIpy TpUMeHeHUM CUHVX
U 3eJIeHbIX TasepoB KP-curHam MojeKys KapOTHHOMIOB 3HAYNTE/IBHO IIPEBOCXO-
IAUT CUTHQI OT [APYIMX OMOJNIOIMYECKMX MOJIEKY/IL. ITO OOYC/IOBIEHO TeM,
YTO IPY TaKMX JUIMHAX BOJIH BO3OYXK[EHMS PETVICTPUPYIOTCS CIIEKTPBI pe3o-
HaHcHOoro KP, B pesynpraTe uero curHam Moxker ObIThb ycwiaeH B 1000 pas
u 6omnee [34]. [loaTomy Hamuue gake HEOOJBIIOTO YNC/IA KAPOTUHOU/IOB B CO-
cTaBe O0OBEKTa MPUBOAUT K IIOSBJCHNMIO TUIMYHBIX I KapPOTVHOUJIOB IIOJIOC
B PETUICTPUPYEMDIX CIIEKTPaX. B Takom CIydae II0/I0Chl KapOTMHOWIOB ABJIAINCH
OCHOBHBIMM B perucrpupyembix crekrpax (puc. 3). ITockonbky nepBumyHbIe
KapOTVHOW/BI, B OCHOBHOM, MOTYT HaXOIMTHCA B XpoMo(ope, YIaCTKM C BbIpa-
JKEHHBIMJ II0/IOCaMV, XapaKTepPHbIMU I KapoTuHOMmoB (~ 1000, ~ 1160
v ~ 1530 cm ™! [34]), ABIAIOTCA MapKepaMy pacronioxeHus XxpoModopa Ha 1306-
paxennu kiaeTku. CorlacHO M300paXeHMIo Ha puc. 3, 6, MAKCHMaIbHOE YICIIO
KapOTVMHONJOB PacIpefie/ieHo 10 Iepydepuyt KIeTKY, YTO MO3BOJIAET CYAUTDb
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Puc. 3. V3o6pakenns knetok Bogopociu H. lacustris:

@ — B IIPOXOJIAILEM CBETE, YEPHDBIN OTPE3OK COOTBETCTBYET JIIMHE 5 MKM;
6 — KP-uso6paxxeHne KJI€TOK BOZOPOCII, IO OCU Z OT/I0XKEHa IUIOLA/b IIMKa
¢ MakcumyMoM mipu 1520 cm ™' (1 — xpomatodop; 2 — LeHTp KIeTKy; 3 — MOMIOXKKA);
6 — ACM-usobpaxenne; ¢ — JIVIM-usobpaskenue; 0 — KP-CIeKTpsI ¢ pasMIHbIX YIaCTKOB
Boptopocu (Touku I1-3 Ha puc. 3, 6); e — cpaBHeHMe Ipo¢uIelt N300pasKeHNI], OTyIeHHbIX
Pas/IMYHBIMU MeTOfiaMM (IIOJIO>KEeHIe CedeH NI TOKa3aHbl IMHMAMY 6e/Ioro 1iBeTa

Ha puc. 3, 6, 8, &; KP-ipoduns (—), ACM- (—) u JIMM-nusobpaxenus (—))
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o nmokaymsanuyu xpomatodpopa. Ha mpodune KP-nzobparkenns (puc. 3, e, kpuBas
KPAcHOTO IIBeTa) B CepefiHe KIETKN YMCI0 KAPOTVHOU/IOB MEHbIIe, YeM I10 Kpa-
SIM, IOCKOJIbKY IIeHTPA/IbHYIO YaCTb KJIETK) 3aHMMAIOT IpyT1ie OpraHe/lIbl.

JIMM u ACM knemox e6odopocneii. ACM-usobpakeHne NpencTaBIeHO
Ha puc. 3, 6. YCTAaHOBJ/ICHO, YTO KJIETKM MMEIOT BBITYK/IyIO IIAPOBUAHYIO (op-
MY, B IIeHTpe HaOII0aeTcsl BO3BhIIIEHIEe, KOTOPOe, BO3MOXKHO, COOTBETCTBYET
HOJIOKEHMIO sifipa B IieHTpe kiaeTku. Vcmonbsys ACM-n3obpaxkeHus, Takxe
MO>KHO OLI€HUTb FeoMeTpu4ecKue pasMepbl KIeTKN.

JIMM-usobpaxkeHre Tex e KJIeTOK IOKasaHO Ha puc. 3, e. OnrTuyeckas
pasHoctb xofa (OPX) B Touke, usmepsiemast JIVIM, npepcrasisier coboii Be-
NMYUHY, IPONOPLVIOHATbHYIO T€OMETPUYECKOII TOMIMHE U TOKa3aTeio Ipe-
JIOMJIEHVS1 OMOTIOTMYeCKOro 06pasiia, B CBOI0 O4epefib OH JIMHENHO IPOIIop-
[MIOHa/IeH KOHIleHTparuu BemtectBa): OPX; = (k —kg)z;, Te k — mokasarenp
HpesioM/IeHNsi 00beKTa B TOUKe; kg — IOKasaresb IpenoMIeHns cpefbl (1o-
KasaTe/Ib IIPeIOM/IEHNS TINIePVH:BOAA B COOTHOLeHUN 1:1); z; — TommmHa
00beKTa B TOUKE.

3nayenne OPX MOXXHO WMHTepHpeTMpPOBaThb KaK KONMMYECTBO BeleCTBa
B paccMaTpuBaeMoll Touke oObekra. V3 pacnpemenenna OPX JIVIM cnenyer,
YTO KOJIMYECTBO BeIIeCTBA pACIpele/eH0 HEpPaBHOMEPHO M He COBIAfaeT
¢ ACM-nzobpaxkenuem. [Tpu cpaBHenuu Boi6pannbix JIVIM- u ACM-npodueit
(cM. puc. 3, e) MOXXHO CJieaTh BBIBOJI, YTO B IIEHTPe KIETKM COJIeP>KaTCsl KOMIIO-
HEHTBI C BBICOKVIM ITOKa3aTesieM IpeIoMIeHNA (PO U IPaHyJIbl), B JIEBOJT YacTU
(rme JIMM- m ACM-npodwiu He COBHAJAIOT) PACIO/ATalOTCsl OpraHesJIbl
C HM3KJM II0Ka3aTeleM IIPeTIOM/ICHNS, BO3MOXXHO, BaKyonb. O61acTh KIETKU
¢ Huskumu sHadeHuAMu OPX coBmapaer ¢ 001aCTbI0 MaKCUMAa/IbHbIX 3HAYEHMI
comepxanys kaporuHounos (o KP-npodwmo). BosmoxkHo, B aToil obmactu
XpoMaToop HAXOAMTCSA HaJl/TOJ BaKyo/lblo. MOXHO TaKXe IPEANONIOXNUTD,
YTO MOJIEKY/Ibl KapOTVHOWIOB JIOKQIVM30BaHbI B O0/IACTV C MEHbIIE)l IUIOTHO-
CTBIO IIUTOIIA3MBbI (BaKyOJIb) KJIETKY BOLOPOC/IN, HAIIpMMep, B BUJie IUIIVIHBIX
I7100Y71 MM BKITIOUEHUIA.

CrnefoBaTeNbHO, IpefCTaBIeHHble Ha M300paXKEeHMAX KJIETKM BO3MOXKHO
IPefiCTaBIIAT co00it BeretatuBHy ¢opmy H. lacustris. ConocraBienne ce-
4yeHuit penbeda nmosepxHoctyu kinetku (ACM), pacnpenenenus OPX u nokamm-
3aruu MoseKyn KapotuHouzos (KP) ykaspiBaeT Ha C/IOSKHYIO TPEXMEPHYIO Op-
raHU3aIyIo KJIeTOK Bomopocmu H. lacustris, KOTOPy0 MOXXHO VICC/IE[JOBAaTh
BBIOpaHHBIMU METOJAMI.

Ocobernnocmu AOT knemxu 8odopocnu. B mpoliecce MccefoBaHms pean-
30BaHa BO3MOXKHOCTb aHa/lM3a IMPOCTPAHCTBEHHOI CTPYKTYPBI KJIETOK C IIO-
mombio AOT Ha npumepe mykposogopociu H. lacustris (80...100 mxm). Oue-
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BIUHO, YTO CyOK/IIETOYHAs CTPYKTypa 3TMX KJIETOK C/IOXKHAs M IOTydYeHHBbIe
MeTOaMy OOBIYHOJ MUKPOCKOINY M300paKeHMs1 He MO3BOAIT IIOIy4YaTh
netanbHOe 3D-pacnpenenenne BemjecTBa LUTOIIa3Mbl. OTMETUM, YTO HpPU-
MeHeHJe ONTNYeCcKOol Gpa3oBoli ToMorpaduy TakKe He Ja/I0 IPUEeM/IEMBIX pe-
3y/IbTaTOB, TaK KaK CHIbHOE TIOI/IONIEeHNe He ITO3BOINMIO BOCCTAHOBUTD (pasy
IpoIleALIeT0 U3Ty4eHNs B KiaeTKe. VIMenHo mcnonb3oBanue AOT pgano Bo3-
MOYXHOCTb PEIINTh 3Ty 3afady, OHAKO I KOMIeHcauuy JupaKIMOHHBIX
3P PeKTOB, KOTOpble BO3HUKAIOT BC/IEACTBUE MEJIKON CTPYKTYPbl BHYTpU
KJIETKV, HEOOXO[MIMO pa3paboTaTh CIIEIVIaTbHBI aITOPUTM OCTpoll (poKycu-
poBk1. OTMETHUM, YTO TAKOJ IOAXOJ MePCHeKTUBEH /IS MICCIeJOBAHMA AHA-
MUKV CYOK/IETOUHBIX CTPYKTYp B peXMMe MeTOJa JIOKA/JIbHOV TOMOTrpaduiu.
PesynbTaThl TeOpeTMIECKUX MCCTIENOBAHNIT ¥ MaTEMAaTIYECKOTO MOJIe/IPOBa-
HIIA JIOKQJIbHBIX AITOPUTMOB TOMOTpaduy IpefCcTaBIeHsl B [28].

C mcnonb3oBaHMeM pa3pabOTaHHBIX METONOB IIOJYYeHbl TOMOTPaMMBI
Koo unmenTa mornomeHns Mukposopopocau H. lacustris, mosBossoye
VICCIIe[IOBATh ee BHYTPEHHIO CTPYKTYpy. IlapannenbHble, mociefoBaTe/ibHbIe
cedeHMs KJIeTKM (IepIIEeHAVIKY/IAPHO ONTUYECKON ocu Nmpubopa) IpuBemeHbI
Ha puc. 4. TommmHa KIeTKu cocTasisgeT 0Komo 35 MKM. [lpyrue 1cronb3oBaH-
HBIe METOJIbI He II03BOJIAIOT ITOJTHOCTBIO OL[eHMBATh OO'bEKTHI TAKOJI TOJIIIVIHBL.

Ha momy4eHHBIX Ce4eHMAX YeTKO BUJIHA KJIETOYHAs CTeHKA. B cpemHeM
psany (LeHTpabHASA YacTb KJIETKM) PACIIONOXKeHa OO0JIbIasi CTPyKTypa Helpa-
BIJIBHOJ (POPMBI, NIPMMBIKAIOIAasi K KIETOYHOJ CTEHKe, KOTOpas, I0-BUIM-
MOMY, IIpeficTaBsgeT coboit Xxpomatodop. BHYTpu CTpyKTypBl HaXO[ATCA Ia-
pooOpasHble YYaCTKM C MEHbIIUM K03 UIMeHTOM Mornoumenns (KpaiHe
IIpaBoe CeueHle B LIEHTPATIbHOM PsAAY U HIDKHMII PAJ), KOTOpbIe, CKOpee Bce-
ro, ABIAITCA nupeHoupgamm. O61acTy KIeTKM, He 3aHATble XpOMaTopopoM
(HVYOKHUIL PsfT), 3aIIOTHEHBl MENKMMM OOBEeKTaMV, KOTOpbIe IPENCTaBIIAOT
co00if pasnnM4HbIe KIeTOYHbIe OpraHe/UIbl (MunuaHble T106ybl). Ha ocHoBa-
HVIV M3/I0’)KEHHOTO MO>KHO IPEJIION0XNUTD, YTO Ha PUC. 4 IPUBEIEeHBI CeYeHIS
Mmukpouyctsl H. lacustris.

3akmroyenne. IlormyueHHbIe pe3y/lIbTaTbhl CBUIETENIbCTBYIOT O BO3MOXK-
HOCTM JICCTIeoBaHmsi Mopdomornm Kietok Bopopocieit Meromamu ACM,
JIUM n KP-muxpocnektpockonuy, a Taxke AOT. Meron ACM nosBosnseT no-
JTy49aTb MHPOPMALNIO O TOBEPXHOCTN KIETKM U ee TeOMEeTPUIeCKIX pasMepax,
JIIM — o moxasaTese IpeJIOM/IeHNS U KOJIMYeCTBe BelleCTBa B OIIPefie/IeHHO
TOYKe KIeTKY, KP-MUKpPOCIEeKTPOCKOSA — M3y4aTb COCTAaB K/IETKU B KaXK/Oil
TOYKe, CyAuUTb O KOH(OpMalMy OCHOBHBIX MOJIEKYHL. B cimydae Bomopocrmeit
KP-mso6paskeHnsa maroT MHPOPMAIMIO O pacHpele/ieHNN M CTPYKType MOJIEKYIT
KapOTVHOWIOB.
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Puc. 4. CeueHnst napajuie/IbHbIX IIPEIMETHOMY CTEKITY M300paKeHNI KITeTKI
Bogopocu H. lacustris Ha pacCTOSIHUU OT TIOBEPXHOCTM Ki1eTku z = 1 (a), 4 (6),
7 (8), 10 (2), 13 (9), 16 (e), 19 (), 22 (3), 25 (u), 28 (x), 31 (n), 34 MM (m);
UIMHA 6e1oi IMHUY Ha cedeHnu 10 MKM

ITpoBeneHHbIE SKCIIEPUMEHTATIbHDIE ICCTIENOBAHNA CBUIETENbCTBYIOT O TOM,
yro AOT cuIpHO NOITIOIAIMX OOBEKTOB IO3BOJIAET XOPOLIO BU3YaIU3M-
poBaTb MOpPQOJIOTVMI0 BHYTPEHHE! CTPYKTYpbl KIeTOK. VIcrmonb3oBaHue airo-
PUTMOB OCTPOJ (POKYCHPOBKM IIpU HabOpe NMPOEKIVOHHBIX JAHHBIX HaeT BO3-
MOYXHOCTb CYIIEeCTBEHHO OC/ITAaONUTDh BVsiHME 3PQEKTOB paccessHVs U3TydeHUs
Ha BHYTPEHHMX OpPTaHe/UIaX KJIEeTKM, HECMOTPsI Ha HEKOTOPOe yBEINYeHNe Bpe-
MeHU cbopa faHHbIX. OgHAKO Xopolme MopdoMeTpIdecKye JaHHbIe He TI03BO-
JIAIOT ONIPEJENIATh COCTAB M KOIMYECTBO PA3/IMYHBIX BEIIECTB BHYTPY KJIETKM BO-
popocm. IIpemmaraeMbiii KOMIUIEKCHBI IOAXO[, K M3MEPEHMIO BHYTpPEHHEN
CTPYKTYPbI KJIETKM 32 CYE€T NIPUMMEHEHNSA Pas/INIHbIX METOJOB MUKPOCKOIINN CY-
LIECTBEHHO PACIINpPsieT BO3SMOXKHOCTY MICCTIEOBAHMAL.
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Abstract

Atomic force microscopy, laser interference microsco-
py, Raman microspectroscopy and optical absorption
tomography are used to study morphology and distri-
bution of the green microalga Haemotococcus lacustris
cell structure. The paper shows that using Raman mi-
crospectroscopy makes it possible to identify position
of separate cellular structures (chloroplasts), composi-
tion and conformation of the pigment molecules (ca-
rotenoids), atomic force microscopy, including the cell
lateral and vertical size and laser interference micros-
copy, to determine the substance refraction indicator

Keywords

Adsorption optical tomography,
atomic force microscopy, algae,
Haematococcus lacustris,
Raman microscopy, laser
interference microscopy
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and consenquently the substance local concentration

in a cell. This allows obtaining information about in-

tracellular structures. Using the absorption optical

tomography makes it possible to receive three-dimen-

sional images of microalga Haemotococcus lacustris

translucent cells, which have a rather complex struc-

ture, as well as to visualize the algae cell subcellular

structures despite the light strong absorption inside the

cell. Thus, integrated use of atomic force and laser

interference microscopy, Raman microspectroscopy

and absorption optical tomography allows significantly

expanding research capabilities and obtaining detailed

and comprehensive information about both the cell

geometry and the subcellular structures distribution, Received 19.06.2023
as well as about their molecular composition and pig- Accepted 05.07.2023
ment conformation © Author(s), 2024
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Abstract Keywords

This paper presents the algorithm for determining Mass spectrometry, signal
whether a peak detected in mass spectra during signal processing, isotopic peak series,
processing belongs to isotopic peak series. The algo- DBSCAN clustering algorithm,
rithm’s logic implies preliminary grouping of detected chi-square test

peaks into clusters, checking whether the distribution of

peak intensities in each cluster matches the selected

pattern, and conducting final grouping which takes the

position of peaks along m/z axis into account. The

features that enhance the resistance of proposed algo-

rithm to negative phenomena, which can make the

detection of isotopic peak series in low-resolution mass

spectra by existing methods difficult, are described here-

in in detail. We present the results of algorithm’s func-

tioning with experimental mass spectra of silver(I) chlo-

ride and silver(I) bromide used as input. Tested mass

spectra were characterized by various negative phenom-

ena that hinder the detection of isotopic peak series. The

proposed algorithm is shown to be capable of grouping

peaks with the quality similar to existing linear models

while avoiding the usage of empirical rules valid only for

certain classes of chemical compounds. Since the algo-

rithm requires selection of pattern to model the distribu-

tion of intensities in the possible isotopic peak series, we

suggest that practical application of proposed algorithm

is viable in cases when multiple similar compounds with  Received 07.06.2023
known pattern of peak intensity distribution are exam- Accepted 26.09.2023
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Introduction. Signal processing is the integral part of working with experi-
mental mass spectrum. Processing of signals comprises several consecutive
operations, with peak detection being one of the most crucial among them [1].
The latter operation allows detecting the signals that originate from ions formed
during fragmentation of the studied compound, i.e., peaks, in the entire array
of registered signals. Numerous algorithms for detection of peaks in mass
spectrometric data have been described in literature [2].

By its essence, mass spectrometry allows determining the isotopic
composition of studied compound and its fragments. Because of that, majority
of ions that are formed during mass spectrometric analysis are registered as a
series of several peaks. Those series are known as “isotope clusters” in literature.
To avoid confusion with machine learning clustering which is referenced in this
research, we use “isotopic peak series” term, or simply “isotopic series”, to refer
to isotope clusters hereinafter. Peaks that constitute the isotopic peak series
correspond to various combinations of isotopes of chemical elements present
in the formed ion, and are placed at the distances approximately equal to integer
number from each other over m / z axis. Distribution of intensities in isotopic
peak series and positions of peaks along m / z axis are two features that provide
vitally important information for identification of the formed ion. Respectively,
for subsequent analysis, the researcher needs to understand which detected
peaks together form isotopic series and originate from the same ions.

Linear models are used in the majority of existing researches devoted
to grouping of peaks into isotopic series [3-6]. The decision on merging peaks
into single series in such models is primarily based on distance between peaks
along m / z axis. Except for paper [3], all other mentioned researches explicitly
assume that two peaks can belong to one isotopic series in case the distance
between those peaks equals integer number with a margin of error. The
maximum tolerable deviation of distance from expected integer number
is commonly a user-defined parameter. In papers [5, 6] such deviation
of distance was constant over all range of m / z values, meanwhile in research [4]
the tolerable deviation increased in a direct proportion to m/z increase.
In addition to checking the distance between peaks, all the approaches described
in [3-6] implied that the putative isotopic peak series shall comply with special
empirical rules. For example, the approach presented in [6] required each
succeeding peak in the isotopic series to have lower intensity than the preceding
peak. Rules applied in [3, 4] imply usage of coefficients that are calculated using
a number of reference mass spectra from various databases. Besides linear
models, a contemporary way of grouping peaks into isotopic series is known.
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Such a way makes use of machine learning techniques, namely the classifier
based on tree ensemble [7]. Several parameters used in [7] when making
a decision whether a peak belongs to an isotopic series are also calculated using
data from external sources.

It shall be noted that existing approaches to grouping peaks into isotopic
series have certain limitations. First of all, majority of such approaches imply
usage of high-resolution mass spectra as input data. We failed to find
contemporary researches dedicated to grouping peaks from low-resolution mass
spectra into isotopic series. The positions of peaks along m/z axis are assumed
to be determined very precisely in high resolution mass spectra. This allows
significantly (to 10* m/z and further) reducing the area of search for
subsequent peak that possibly belongs to isotopic series. Such an assumption,
however, does not hold for low-resolution mass spectra. Due to a number
of reasons (e.g., equipment calibration errors or detector overload), the observed
distance between two peaks belonging to single isotopic series can deviate from
the theoretical integer value by tenths of m/z [8] in low-resolution mass
spectra. Secondly, the empirical rules applied in known approaches only allow
using such approaches effectively when grouping peaks in mass spectra
of compounds belonging to specific classes. For example, the rule of monotonic
intensity decrease from approach [4] prevents this methodology from being
used for grouping peaks that originate from chlorine- or bromine-containing
ions. Furthermore, empirical rules often cannot be easily adapted for usage with
compound classes different from the one they were formulated for. Thirdly, the
similar problem is common for models that use external data, including
machine learning-based models. Such models may yield low quality of grouping
peaks into isotopic series when used for processing of the mass spectra
of compound classes that were not present in the training set during calculation
of decision parameters [3, 7]. In addition, required external data may
be unavailable for the selected experiment conditions (e.g., ionization type).

The present research was aimed at creating the algorithm for grouping
peaks into isotopic series which could be applied for processing low-resolution
mass spectra and which would address the limitations of existing approaches.
In particular, the requirements for the algorithm comprised insensitivity
to moderate errors in determined positions of isotopic peak along m / z axis,
usage of more formal approach when making a decision on merging peaks into
isotopic series, and independence from external data. The results are presented
in subsequent sections of this paper.

Materials and methods of research. Peak grouping algorithm. The pro-
posed algorithm for grouping peaks into isotopic series comprises five steps,
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with the first two aimed at obtaining the list of mass spectrum peaks and the
remaining three implementing the grouping itself. The full list of steps and their
detailed description are presented below:

1) reduction of raw mass spectrum’s dimensionality;

2) peak detection;

3) preliminary grouping of peaks into clusters that contain putative isotop-
ic peak series by means of DBSCAN clustering algorithm;

4) application of chi-square test for each cluster containing at least 4 peaks
to check whether the distribution of peak intensities in cluster matches the
chosen pattern;

5) evaluation of all preliminary clusters that contain less than 4 peaks and
all clusters, for which chi-square test was failed, using traditional “naive”
method (i.e., by checking the distances between preliminary cluster peaks
along m / z axis) and final grouping.

Smoothing and baseline correction were not carried out as part of this re-
search, however, it is assumed that those operations can be performed before
the execution of algorithm starts.

The first step, i.e., dimensionality reduction, implies transformation of raw
pseudo-continuous mass spectrum into “centroid”-type mass spectrum, where
one peak is represented by one “m /z-intensity” pair of values [9]. In this
research, dimensionality reduction was conducted using detectPeaks () method
from MALDIquant package for R programming language [10]. This method
performs the search of local intensity maxima in a sliding window of fixed
width. Only signals whose intensity exceeds the median absolute deviation
of intensities of all mass spectrum signals are included into the resulting array.
The window width was set to the default value proposed by the developers
of MALDIquant package and equaled 20 neighboring data points.

The reduced mass spectrum is used as input for peak detection operation.
The proposed approach allows detecting peaks by any desired method that ac-
cepts a two-dimensional array of signals as input and produces a two-
dimensional array of peaks as output. For testing purposes, peak detection was
performed by calculation of signal-to-noise ratio (SNR) over non-overlapping
windows. The window size was set to 20 m / z, and local noise level was calcu-
lated as the median absolute deviation of signals within the window [11].
The intensity of the signal had to exceed the local noise level at least by 5 times
(i.e., SNR = 5) in order for signal to be included into peak list.

Once the peak list is formed, the detection of isotopic peak series itself
is carried out. At first the peaks are preliminarily merged into clusters that can
possibly contain isotopic peak series. The merger is based on position of peaks
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on m / z axis and is conducted by means of DBSCAN clustering algorithm [12].
Named machine learning algorithm splits the objects from input array into
non-overlapping clusters (i.e. groups, or classes) based on density of objects’
distribution in one-dimensional or multi-dimensional space. This algorithm
was previously used to determine which signals constitute a peak on the curve
in high-resolution mass spectra of original dimensionality [13]. The classical
version of DBSCAN algorithm requires two parameters to run, namely maxi-
mum distance between neighboring objects that belong to the same class € and
minimum number of neighboring objects to be regarded as one cluster minPts.
Within the scope of task under consideration, the preliminary grouping
of peaks into clusters is based on a single feature, i.e., their position along m / z
axis. The minimum number of peaks in a single isotopic series is 2; respective-
ly, value of minPts also equals 2. The value of € parameter can be set to 2, 3
or 4 depending on which chemical elements are expected to be present in the
studied compound (see explanation below).

Subsequently, the distribution of intensities in each preliminary cluster that
contains at least 4 peaks is compared with preselected pattern. The comparison
is conducted using chi-square test [14]. Intensities of peaks from the tested
cluster are used as observed frequencies. The calculation of theoretical
probability distribution is conducted by fitting the peak intensities to the chosen
pattern and normalizing fitted values. The constraint on minimum number
of peaks 4 in the tested cluster is set by built-in fitting tools used in R
programming language. The fitting itself is done by application of nls () built-in
function which implements the non-linear least squares technique.
The Gaussian function was implemented in a custom-written code and is passed
to nls () as a formula to fit experimental data to. Values of nls () function’s
control parameters, ie., maximum number of iterations and convergence
criterion, are set to the defaults provided in the R programming language.

The preliminary clusters that passed the statistical test are considered
to be correctly grouped isotopic series and are excluded from further processing.
The chi-square test replaces the empirical rules which are used in researches
[3-6] when making a decision on retaining or splitting putative isotopic series
based on distribution of peak intensities. In particular, this test prevents
the incorrect merger of two overlapping isotopic series into one group.
Furthermore, application of chi-square test allows the algorithm to retain peaks
that lie out of expected range of search in isotopic series without the need
to change the tolerable distance deviation (given that the observed and expected
distributions of intensities match).
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The final grouping of peaks in clusters that contain less than 4 peaks and
in those that have failed the test is conducted by means of “naive” approach, i.e.,
by computing the distances between cluster peaks. This approach was slightly
modified to enable grouping of isotopic series with various expected integer
distances (1, 2, etc.) between consecutive peaks during the single run.
In addition to traditional eps parameter (maximum tolerable deviation
of distance between two peaks from expected integer value) our implementation
of “naive” grouping requires the value of maximum expected integer distance
dm(® e N to be specified. The implementation involves searching the cluster for
isotopic peaks placed at distances of 1 + eps, then 2 + eps, etc. until dm(?) + eps.
The peaks merged into the isotopic series which is characterized
by certain integer distance are excluded from further iterations. This modification
was aimed at enabling the algorithm to be used for processing mass spectra where

various classes of compounds (e.g., chlorides of mono-isotopic metals, dm(?) =2,

and organic impurities, dm'® =1 [15]) are observed simultaneously. It shall be
noted that, like known linear models, the proposed approach assumes that peaks
forming the isotopic series are placed at roughly equal distances from each other.
Currently around 35 chemical elements are characterized by phenomenon when
masses of heavier isotope and previous lighter isotope differ by the same integer
mass value for all consecutive isotope pairs. The aforementioned assumption
stands true for all ions which contain at least one such element in their
composition. In practice, stated assumption allows correctly groping peaks
of majority of registered ions into isotopic series. However, this still sets the
constraint on algorithm’s area of application that needs to be taken into account.

The output of the proposed algorithm is the n x 3 matrix, where # is the
number of peaks detected on step 2. Matrix columns represented m / z, inten-
sity and assigned number of isotopic series for each peak. Putative monoiso-
topic peaks were also assigned a unique number.

Input data used. The proposed algorithm for grouping peaks into isotopic
series was tested with experimental low-resolution mass spectra acquired on
laser desorption mass spectrometer.

Mass spectra of silver(I) chloride and silver(I) bromide were selected
as input data. The distribution of peak intensities obtained by convolution
of “isotopic distributions” of several metals with one or two abundant isotopes,
including silver, with respective distributions of chlorine and bromine could
be relatively easily approximated by a Gaussian function. This allows for more
detailed control over the testing procedure in general and chi-square test aspects
in particular.
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Selection of silver compounds from the list of aforementioned metals
simplifies the construction of expected grouping results array, which is required
to calculate metrics of algorithm’s functioning quality. Such calculation requires
testing the algorithm on a set of raw mass spectra with list of annotated peaks
available for each of them. To the best of our knowledge, the sets of metal
halides mass spectra acquired by laser desorption method are not available
in open sources. Respectively, the required mass spectra had to be acquired,
and observed isotopic peak series needed to be identified. The laws of ion
formation during laser desorption ionization are well known for silver halides
[16]. This allowed identifying the fragments of studied compounds manually
and constructing the required validation data set that contained expected
grouping results.

Four experimental mass spectra were selected in order to test the proposed al-
gorithm: (1) AgCl (positively charged ions registration mode, the registration
mode is later denoted with “+” or “-” signs); (2) AgBr (-); (3) AgBr (+);
(4) AgCl with bromine impurities (-). All mass-spectra were acquired using
Bruker Daltonics Ultraflex II mass spectrometer (operating wavelength
337 nm, pulse energy 100 pJ, pulse power 43 kW, repetition rate 20 Hz).
Matrix substance was not used, since examined compounds are readily ionized in
the absence of matrix [16]. Input mass spectra were selected in a way so that the
algorithm could be tested in various conditions.

Mass spectrum 1 represented nearly ideal conditions for grouping peaks
into isotopic series. The distances between all consequent peaks belonging
to single isotopic series were almost equal, and position of each consequent
peak on m / z axis was within the expected search area.

When dimensionality reduction was carried out, the positions of several
isotopic peaks in mass spectrum 2 were determined incorrectly (probably
due to unsuitable size of window for local maxima search). Because of that,
distances between some of the peaks deviated from expected integer value by up
to 0.27 m/ z. This presented an opportunity to check whether chi-square test
could help in grouping peaks, which in fact belong to isotopic series but lie out
of expected search range over m / z axis.

The detector overload (i.e., registration of multiple signals with decreasing
intensities following the registration of “true” peak corresponding to fragment
ion) was observed when mass spectrum 3 was acquired. The consequences
of this effect were not fully removed during dimensionality reduction.
This allowed testing algorithm’s ability to correctly detect isotopic peak series
in preliminary clusters that contain multiple high-intensity noise signals.
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Mass spectrum 4 was characterized by presence of several isotopic peak
series positioned one after another. The distances between the first peak
in subsequent series and the last peak in previous series were approximately
equal to the distances between two peaks within one isotopic series. This feature
of mass spectra was used to test whether algorithm is capable of correctly
splitting such peak sequences into isotopic series.

The manual identification of ions registered in used mass spectra was carried
out prior to start of testing procedures. Identification was conducted
by comparing theoretical distribution of peak intensities for a given molecular
formula with the intensity distribution observed in the registered peak series.
Theoretical distribution was calculated using IsoSpecR package [17]. The decision
on whether the observed and theoretical intensity distributions match was based
on a weighted sum score. For each peak from observed isotopic series, an absolute
difference between relative intensity of observed peak and relative intensity of the
theoretical peak closest to the observed one by m / z value was computed. If such
absolute difference did not exceed user-defined threshold, a value equal to relative
intensity of theoretical peak was added to the sum score (with weight of 1). Oth-
erwise, sum score remained unchanged. The theoretical distribution was consid-
ered to match the experimental one if the resulting sum score equaled at least
(I — threshold). In this study, the threshold was set to value of 0.05 (e.g.,
a maximum 5 % difference in relative intensities of corresponding peaks). A total
of 31 isotopic peak series, comprising 121 peaks, were identified across 4 mass
spectra. Results of identification procedure were used to construct arrays
of expected grouping results, which, in turn, allowed assessing quality of algo-
rithm’s results.

Testing procedure. The proposed peak grouping algorithm was implemented
in R programming language [18]. Functionality of MALDIquant package was
used to read raw files and reduce dimensions of mass spectra loaded into
memory. The remaining algorithm steps were implemented in custom scripts.

A total of 27, 35, 160 and 70 peaks were detected in mass spectra 1 to 4,
respectively. Several signals, which constituted the part of manually identified
isotopic series according to theoretical intensity distributions but were not
automatically detected as peaks, were added into the peak lists. Relative intensity
of signal in theoretical distribution for identified series had to exceed 5 %
in order for signal to be added into the list of peaks. No peaks detected on step
2 were removed from the peak list. Final number of signals classified as peaks
amounted to 29, 36, 162 and 72 in mass spectra 1-4, respectively.

The data obtained during manual identification and formed peak lists were
used to obtain the matrices of expected results of grouping peaks into isotopic
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series for each mass spectra. The same group number (label) was assigned
to all experimental peaks which belonged to the same series. The numbering
started from 1. Numbers were assigned consecutively and increased as lowest
peak m / z value in series increased. The unidentified and noise peaks which
were detected automatically were not included into the matrices of expected
grouping results.

Detection of isotopic peak series and evaluation of proposed algorithm’s
quality were carried out subsequently. The value of € parameter of DBSCAN
algorithm was set to 3, meaning that consequent peaks separated by a distance
of no more than 3 m/z fell into one preliminary cluster. Isotopes of each
chemical element present in studied compounds and their fragments (Ag, Br,
Cl) differ in mass by approximately 2 Da. Under such conditions, two conse-
quent peaks located at a distance greater than 3 m/z from each other are
guaranteed not to belong to a single isotopic series, with an account for all pos-

sible errors. The dm(®) and eps parameters of “naive” grouping meth-

od equaled 2 and 0.1, respectively. Value of dm(?) parameter was selected
based on consideration regarding isotope mass differences mentioned previ-
ously. The maximum tolerable deviation of distance between two consequent
peaks from expected integer number eps was set to 0.1, since all m / z values
listed in official description of used mass spectrometer are specified with a pre-
cision of 0.1 m/z". Critical values of chi-square test statistics were calculated
at confidence levels ¢/ of 0.9, 0.95 and 0.99 in different runs.

Several metrics were calculated in order to assess the quality of peak
grouping that was attained by application of proposed algorithm. These metrics
included the share of peaks assigned to correct isotopic series, shares of type
I and type II errors, precision and recall. The total number of peaks that fell into
preliminary clusters, which contained the most intensive peaks of identified
isotopic series, was used as the base for calculation of the first metrics from the
list. Within the scope of task solved, type I error (false-positive decision) means
inclusion of experimental signal into isotopic series, to which this signal does
not belong in reality. Respectively, type II error (false-negative decision) stands
for exclusion of peak, which constitutes a part of isotopic series, from such
a series. Precision and recall were calculated in a manner traditional to machine
learning [19]. Several additional special metrics were calculated in order

" Measurement instrument type description. Mass spectrometers of models: micro-
flex LT/SH, microflex LRF, autoflex speed LIN, autoflex speed LRF, autoflex speed
TOF/TOF, ultrafleXtreme, rapifleX MALDI TOF MS, rapifleX MALDI TOF/TOF.
Federal Agency on Technical Regulating and Metrology of Russia, 2021.
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to assess impact of chi-square test. The detailed results are presented in the
following section of the paper.

Results and discussion. Quality of obtained results. The metrics reflecting
the quality of grouping peaks into isotopic series by means of proposed algo-
rithm are presented in Table 1. In order to assess the effect from joint usage
of DBSCAN clustering, chi-square test and “naive” grouping, the same metrics
were also calculated for grouping results obtained by application of DBSCAN
algorithm separately and of “naive” grouping separately.

Table 1

Quality metrics for the proposed algorithm and its individual components

“Naive” Complete algorithm

Metrics DBSCAN .
grouping | ./ = 09| ¢/=0.95 |cl=0.99

Number of peaks that fell into

. . . 161 123 124
clusters containing putative series

Share of peaks assigned to correct

isotopic series, % 73.29 85.37 90.32 | 90.32 91.13
, %

Share of type I errors, % 26.71 1.63 2.42 2.42 2.42
Share of type II errors, % 0.00 13.01 7.26 | 7.26 6.45
Precision, % 73.29 98.13 | 97.39 | 97.39 | 97.41
Recall, % 100.00 86.78 92.56 | 92.56 | 93.39

Absol iffe £« ision—
bso ):.1te difference of “precision 2671 1135 483 483 103
recall”, %

Number of isotopic series identi-

fied manually 31

Share of series detected fully 58.06 5161 | 6774 | 6774 | 70,97

correctly

The algorithm correctly assigned circa 90 % of all peaks to the same isotopic
series as expected. Around 70 % of manually identified isotopic peak series were
detected fully correctly. The selection of confidence level for calculation of chi-
square critical value did not impact the results significantly.

The share of peaks assigned to correct isotopic series and share of isotopic
peaks series detected fully correctly were lower for results obtained by applying
only DBSCAN algorithm or only “naive” grouping method and amounted
to around 73/58% and 85/52%, respectively. Thus, joint application
of DBSCAN clustering algorithm, chi-square statistic test and “naive” grouping
improves the results of grouping peaks into isotopic series when compared with
usage of a single linear model.
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We shall note that, among all the used methods of peak grouping, only
application of the proposed algorithm in its complete form allowed reaching both
relatively high (97 and 93 %, respectively) and most balanced precision
and recall values. This indicates that shares of false-positive and false-negative
decisions made by algorithm are low and approximately equal. In comparison,
grouping of peaks into isotopic series by means of only DBSCAN algorithm
allows obtaining a recall of 100 % (i.e., no type II errors). However, this clustering
algorithm is not capable of detecting isotopic peak series in noisy data or handling
overlapping series by its nature. All the noise and overlapping signals would be
incorrectly grouped into one cluster, which will cause multiple type I errors.
In practice this results in very low (73 %) precision of peak grouping when
DBSCAN algorithm is used separately. Similarly, application of only “naive”
grouping results in slightly greater precision when compared with the complete
proposed algorithm. However, the model based purely on calculation of distance
is prone to false-negative decisions in cases when subsequent isotopic peak lies out
of its expected search range along m / z axis. As the result, the recall value attained
by “naive” method is rather low and amounts only to 87 %.

Application of the proposed algorithm for grouping peaks into isotopic series
allows achieving a compromise between shares of type I and II errors due to usage
of chi-square test and processing of the preliminary cluster depending of results
of such test. Table 2 shows that from 29 to 33 % of identified isotopic peak series,
which were already grouped fully correctly at clustering stage, would have been
incorrectly ungrouped by “naive” method. However, the distribution of peak
intensities in such series matches the expected one, which allowed those series
to pass statistic test and prevented incorrect processing. Depending of selected
confidence level, 43 to 47 % of all conducted chi-square tests had a positive impact
on result of peak grouping, and in further 33 % of cases such test did not harm the
quality. It shall be separately noted that preliminary clusters containing multiple
noise signals (common for mass spectrum 3) did not pass the test and were
correctly passed to “naive” grouping step for a subsequent search for isotopic peak
series.

Precision and recall metrics allow comparing the quality of peak grouping
achieved by the proposed algorithm and other existing approaches. Application
of presented algorithm results in precision value similar to the one of linear
model described in [6] (97.4 % against 97.7 %, respectively) and, formally,
a greater recall (92.6 % against 70.4 %, respectively). However, we shall note that
the recall reported in [6] is suspiciously low (this might have been caused
by some peculiarities of methodic that was used to count false-negative
decisions) and requires clarification. When compared with machine learning-
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based approach described in [7], the proposed algorithm, as expected,
demonstrated lower quality of results (precision of 99.5 % for model [7] against
97.4 % for proposed algorithm; recall of 99.9 % and 92.6 %, respectively).
In exchange, the proposed algorithm does not require generating training
set that depends on external sources in order to tune model parameters.

Table 2

Detailed results of chi-square test usage within the proposed algorithm

Confidence level

Metrics
0.9 0.95 0.99

Number of preliminary clusters containing

isotopic peak series with expected distribution 21

of intensities

Share of preliminary clusters that passed

chi-square test, %, including: 57.14 61.90 66.67
(I) were correctly grouped during preliminary

clustering and would not have been ungrouped

by “naive” method 28.57 33.33 33.33
(II) would have been ungrouped correctly 4.76 4.76 4.76
(IIT) would have been ungrouped incorrectly 23.81 23.81 28.57

Share of preliminary clusters that failed chi-square

test, %, including: 42.86 38.10 33.33
(IV) were correctly grouped during preliminary

clustering but were incorrectly ungrouped 4.76 0 0
(V) were correctly ungrouped 19.05 19.05 19.05
(VI) were incorrectly ungrouped 19.05 19.05 14.29

Share of “useful” chi-square test applications

(III+V), % 42.86 42.86 47.62

Share of “harmless” chi-square test applications

I+1V), % 33.33 33.33 33.33

Generalization of algorithm for various compound classes. This paragraph
shortly describes the adjustment of parameter values required for algorithm
to be used with mass spectra of various compound classes.

The exact values of dimensionality reduction and peak detection parameters
do not set technical limitations on ability to run the algorithm. However,
in cases when all the consequent peaks in resulting peak list are separated
by a distance less than € parameter value of DBSCAN algorithm due to “soft”
peak detection settings, the grouping will only be conducted by “naive” method,
since all the detected peaks will fall into one preliminary cluster, which
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is unlikely to pass chi-square test. Thus, “soft” dimensionality reduction and
peak detection parameter values should be avoided.

Selection of € parameter value for DBSCAN algorithm should be based on
computing the maximum difference of masses of two consequent naturally
occurring isotopes among all chemical elements that are expected to be found
in examined compound. Elements, for which such difference amounts to ~ 1, 2
and 3 Da, are currently known to exist. To account for all possible measure-
ment errors, we suggest setting the value of € parameter to 2, 3 or 4 depending
on expected composition of studied compound. For example, € = 2 is suitable
for relatively simple organic compounds, value of € = 3 is suitable for chlorides
and bromides of monoisotopic metals, etc.

The most important step of adjusting algorithm’s parameters is the selec-
tion of intensity distribution pattern, which will be used to compare the distri-
bution of intensities observed in preliminary cluster with distribution that
a valid isotopic series is assumed to have. Selection of such pattern requires
expert judgment. For example, probability function of geometric distribution
might be used to approximate distribution of mass peak intensities of organic
compounds that contain only C, H, N, O, S and P. A mixture of distributions
could also be used for approximation purposes. Say, distribution of mass peak
intensities of lead chlorides could be modeled by a mixture of two normal dis-
tributions with centers at m / z values of peaks characterized by largest input
from 2*Pb and 2**Pb isotopes. In practice, distributions of mass peak intensities
observed for registered ions usually match one of the patterns from a finite list
[20]. Thus, once the approximation law is formulated, it can be re-used.

Finally, as discussed previously, value of dm(?) parameter required by
“naive” grouping step should be set to 1, 2 or 3, depending on the expected
composition of analyzed compound. Selection of maximum tolerable distance
deviation eps does not depend on the nature of analyte and should be based on
specifications listed in the technical documents for the used mass spectrometer.

Conclusion. The algorithm for grouping peaks detected in low-resolution
mass spectra into isotopic series was presented in this paper. The algorithm
is based on joint application of DBSCAN clustering, chi-square test and a linear
model implying calculation of distances between consequent peaks. When used
to process experimental mass spectra of silver(I) chloride and silver(I) bromide,
the proposed algorithm showed relative insensitivity to several phenomena
which commonly occur in low-resolution mass spectra and hinder automatic
detection of isotopic peak series by known approaches. The algorithm
demonstrated precision and recall values similar to the ones of existing linear
models that are used to process high-resolution mass spectra. At the same time,
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the proposed algorithm does not use empirical rules valid only for certain
compound class when making a decision whether a peak belongs to putative
isotopic series or not. In comparison with peak grouping models based
on machine learning, proposed algorithm demonstrates moderately lower
quality of results in exchange for dropping the dependence on external data and
pre-training. The most significant limitation of the proposed algorithm
is inability to correctly group peaks originating from ions that are composed
only of certain elements. Algorithm is also characterized by one feature, which,
in our opinion, is neither the advantage nor limitation. In order for algorithm
to be effectively used with mass spectra of compounds belonging to a class not
studied previously, the law of approximation of mass peak intensities
distribution needs to be formulated. On one hand, this feature implies
additional time costs when mass spectra of different compound classes need
to be processed. On the other hand, such a feature allows easily adapting the
proposed algorithm to work with mass spectra of various compound classes
without the need to change the general logic of the algorithm. Existing linear
models used for processing of high-resolution mass spectra are highly selective
to input data and do not provide such scaling capabilities. Thus, application
of the proposed algorithm seems appropriate in cases when multiple
compounds of the same class, for which a law of approximation of mass peak
intensities is known, are analyzed using the low-resolution mass spectrometer.
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