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ced-12/ELMO is transcribed in distal tip cells and cell-autonomously
regulates directional gonadal elongation in Caenorhabditis elegans

Roku Arima®, Mio Kidou?, Masahiro Ito'", Yukihiko Kubota®

The U-shaped gonad of Caenorhabditis elegans is formed through precisely regulated directional
migration of distal tip cells (DTCs) during larval development. This morphogenetic process depends on dynamic
cytoskeletal regulation; however, the transcriptional mechanisms that control genes required for DTC migration
remain incompletely understood. CED-12, the C. elegans homolog of engulfment and cell motility 1 (ELMO1), is
a conserved regulator of Rac signaling implicated in cell migration and apoptotic cell clearance; however, its
transcriptional regulation and cell-type-specific function during gonad morphogenesis have not yet been fully
elucidated. In this study, we examined the transcriptional regulation and functional role of ced-12 in DTC-mediated
gonadal elongation. A transcriptional green fluorescent protein (GFP) reporter driven by an 11,083-bp genomic
fragment encompassing the ced-12—csnk-1 operon revealed ced-12 transcribed in DTCs during the migratory phase
of gonad development, indicating that this upstream region contains cis-regulatory elements used to control ced-12
transcription in DTCs. To assess the functional significance of ced-12 expression in DTCs, tissue-specific rescue
experiments were performed by introducing ced-12::GFP transgenes with the DTC-specific promoter mig-24p.
Consequently, DTC-specific expression of ced-12 transgenes significantly suppressed the directional gonadal
elongation defects observed in the ced-12 null mutant. Collectively, these results demonstrate that ced-12 acts cell-
autonomously in DTCs to regulate their directional migration. Our findings highlight the importance of
transcriptional control of ced-12 in gonadal leader cells (DTCs) and provide insights into the spatial regulation of
the evolutionarily conserved ELMO/dedicator of cytokinesis (DOCK)-Rac signaling pathway during organ
development.
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1. #

T VAW C. elegans |23 5 U FRIOAFEROEREIL, € OB ARBEIFERMET S L &6
(22 [8] 90 FE S AR 5 2 L TR S NS (K1), ZOMEE, AFEEOERICAE LEOMEE Y —
R4 2 Jedmffifia (distal tip cell, DTC) H & o HARZREIH O A7 63, Mlashn b OI AR Y 7T &
- THREICHIE STV B[], [2], [3], [41.

FIREH IR D RO 27 59, MlaBE), MROERICH G325 2 & g4, MEROE R R
RELFET D, FRHCT 7 F BB OO TG ML & ILF IS B CA TR IC mE R H 2 Rz L. #
faDBE) - BE - B aflid 5 2 & Tha 2888k - SREOREICHFET 2, MNBRBICERTLL. 7
7 F U E S E M NEIZES c EAT 52 THA X v 7 IZEOMENRELT B3, OHIE O HL
B2 B 2o TWD DN Rho 77 LY —ES TR G X L X0 ETHD, 20N TIIEERETET S
D, WTI BRSO > T F o L D OZFEIC X 0 IEMEA L X 172 GDP/GTP 2KHAK 1~ (GEF) 23MEH
LCEH bsh s, T7ebbh, GDP i LI RIEHEIREEN S GTP 2556 LIZiELIRBIC AR S h 5,
TEMEL SN T7ZRho 7 7 I U —H& L7 EIE, KB Z 87 BICkEA L CTERT %5, —4. GTP 470 Rho
77 XU —% RV GTPase {EME(L S /37 E (GAP) DMEMHT % &, GTPase {EPEDMERE 41 C GTP %
DK S3fi#E L GDP Z A6 L RIS IRIEIC S £ 5, Rho 7 7 XV —GTPase ®—-D Rac # >/ 7 B IHEH) ¥
VNI ED WAVE BEKRIR ExR LT, T F UMD Ry NU—2 2B L. Ml EOBE) I L O
PEOEK IO Tt OESSLER) ICBb 5,

ELMO/DOCK & I3 Z Ml L4 CHELANITIA < PRAF ST Y . Rac/CED-10 # /37 B 78 E DRERe A
GEF 1EME° GAP {EMEITHET 2 Z LI KV FAMITH 2 & T7 7 F UMl E R &2+ 5 L B2 HivTn
%o TbHH, RO ELMO 77 XY —% /X7 E T % CED-12 £ DOCK 7 7 X U —# /37 & CED-5
EBAIREERL L, CED-5 % v /X7 EOIEMALORENC S 592 Z LMo TR Y, IHE(L S/ CED-5
4 37D GEF {EMEA ST LT Rac BEREDIEMEAL A MRET D Z & TR D ATET O J7 [ & ¢ > 7o B #hic
FHTHZ ENREINTWD[S],[6], [7].

77 A RICEZIAEFN TV DEETIX, BARE, EREEOHER, L7 ot 2B\ T, FrEDMiufE
H LT TR TOMAAT, WIERHX A I 7 TREFHISND Z & T, kkx RAEMBLERHE T 5, a0
BAG T O—EIXERAED O 7 7 L ERIERICEBD v AR > T2 a T2 2 — R HfEln A e L LT
FBHIEH SND Z ERBITEY, BLE3000 Y hOAXa UHPFIET D LA INTWD8]L[9], L
MLBRRDH, ZRHOAa NIZa— RSN E~ OBIEFORBL Y — 36 LUOSEBEREIEEICOW T
X, ZOEBERDESRIERE#ETHD Z &b, ERIICKIAO £ RSN TV DLEEMRL 0, Aif
TTHEBT D ced-12 B FIZONTH, £D mRNA 2 LB SjL72 cDNA 3 N T UV ART Z v v TITE
H9°% SL2 #Ffo TWelz®, O Lk I = — RED cesnk-1 B & & HITHBLTH 41
ELTHRBRIHIND ZEBRENTZDOHRT (M 2a), ced-12 BIAT73 DTC THEL LHERET 5 202D T
KfiEBTH - 72[10],

% ZCAMFETIZ, DTC BT 5 ced-12 AL DRBLAHRET 57 v — & —fHlk L L THEET 5 2 &2
WfF &2 SHIFE= — REEIK DNA K7 /7728 DTC CORBFAMfEEZ L oAt ORGEE . BB DTC T
FERINCHBLT D mig-24 BT O 7 aE—% —OHIH T T ced-12 BIoT2FBT 5 b7 2 AV— 2 OFHE
M ced-12 ERETHILZ SN D DTC OBB)ERE ORBMO[EEIZMEEA43TH L& BN LT,

[l
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LA~pH #ZHEAL3

1. $RAOEFHEBIBER

RREAETERIFENIIEE 1 Sl (L1) TR S hEIAREER (I in - TRIMEE G IR T2, €D
#. B3%5m (L3) RIHICERGMIC 90 EH M L TR L, 350 (L3) #HCHmEk
BRI/ LB L 90 EFMEEHR L THREL, F45H (L4) BB I OREHITIT U FRD
AFERBEREIND, TOAFEBEOMEICIT, B OLRMICALE L) — & —Hilg & L TR
3% DTC Ot 2R - IeBBEI R EERKE ZH-> T\ 5,

2. Fik

— 1. BRAx

ARG THWTZRR R C. elegans A N LA 1%, B4R (WT) T 5 Bristol FRIINICHRT 5, #H1X NGM
TL— h ETEE L, 20 CITRE SLA »F 2 X—F —NIZTOPS0 #ff & L CTH L7,
AFENTIAEH U7 #t Ak 2 LU IZ7R 9 : N2 (Bristol), NF87 #k: ced-12(k149)1 = ORI null 25 24K, KUB396
¥k: unc-119(ed3)III; bkcEx52[ced-12p.::GFP::thb-2 3"UTR (10), pCFJ90(5), pBluescript Il KS(-) (105), Punc-119 (30)],
KUB621 #%: ced-12(k149)I; unc-119(ed3)IIl; bkcSi72[mig-24p::ced-12::GFP::tbb-2 3’"UTR + Chr-unc-119(+)] .
KUB622 #k: ced-12(k149)I; unc-119(ed3)IIl; bkcSi73[mig-24p::ced-12::GFP::tbb-2 3’°UTR + Chr-unc-119(+)].,

2—2. X3 FOEE

ced-12 A5+ DRNTENE 5o AHIEITESEL & HEE S 25 5B O Hl# T C GFP @il & o /3 7 B A FHL T
HNT A=V EREET D720, ced-12 iB15 10 ORF(open reading frame) & [Al— A1 U NZfFTET 5 csnk-
1 A5+ D ORF & %O B OfIHfER D, AT 11083 bp  DNA K% PCR (2 L #AlE L, % D% GFP
D DNAWH LA SE N T A7 U F v a F I LR—F =BT X —pYK234 1B L7T=,

miniMos D/ 7 IN—2 X7 X —Th % pYKI14 |L, Mos BLHINIZ C. briggsae @ unc-119(+)DNA Wrf &~
NF I a—=2T%A F%&HD pCFI909 FEL~Y Z—@ Notl 1 MR L7=E FE Ascl A1 F &2 376
bp DM AT D Z & TIEM L=, T/ 5, Notl-Ascl ¥ M/ v—="7&i7= DNA B2 C
briggsae ® unc-119(+)DNA WrJi & & HICYAR EDEBEOLFNHA S L, BHA~7 2 —L L THEET 2,
F72. DTC IZHB W THMAF AN HBLT D mig-24 A5 OFBUHIEIFEL (mig-24p, 1180 bp) 12X Y [12].
ced-12::GFP ORI HIE S D T v AV — 2 pSKI-mig-24p::ced-12::GFP::tbb-2 3°UTR %* D pYK238 %
PR B —%iE5 LTz, X512, Notl-Ascl #illfREEE YA M mig-24p..ced-12::GFP:tbb-2 3’'UTR %4 AT 5 =
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XY pYKI4 27 v—=2 7 L, BT X —pYK239 (pYKI14-mig-24p::ced-12::GFP:tbb-2 3 'UTR) & 4L L
7

— 3. BHNE— YOO D X P Lo DIFH]

RafRNT VA ZFFO N T AV 2=y VR RIT, EBRFO~Y A 7uA Y v a ko TER
L 72[13], ced-12 i&fn+1 D LIHEK (ced-12p, 11083 bp) 12 & ¥ GFP 23 %EL3 % A k L A % | Extrachromosomal
array 5% I C unc-119(ed3) BRI~ A /A Y=/ v a v L, 3B~ —1—Th 5 Punc-119 DIEH

CRVEBREZEE LN ATV 2=y IRREER LT, A 7m0V =7 a2t LTORS
WA L7z : pYK234 (pSK1-ced-12p::GFP::tbb-2 3°'UTR) 10 ng/ul, pCFJ90 5 ng/ul, pBluescript II KS(-) 105
ng/ul, Punc-119 30 ng/pl,

2—4. LXFz—RrooDX p g o DfEH]

N7 oAV z=y 7T, EBOBGIFO~A a0 Y=y v a ik o TERLZ[13], DTC IZ8W
THRERINZFEBLT D mig-24 1BA5 T ORBLHIEIFIK (mig-24p, 1180 bp) DEREHIFI D & ced-12::GFP H3 581
T HA ML A %, miniMos E%E H W T unc-119(ed3) B RIR I~ A s mA V=7 a L, pYK239 7T X

I NICHAIAENTZ Corunc-119(H)DIERIC L W BB R FZEE L, oA ¥zl ar~v—h—HkoD
mCherry DFEHI R HAL72 ORI Z8B] 325 2 & CIEMEG 0> > 70 a B —f AR & B L7=[14],

~AruAf Y=y va i, TORAKEHEM L : GFP % 7 f7& miniMos R/ b T > AV —
pYK239 (pYK14-mig-24p:: ced-12::GFP::tbb-2 3’°UTR + Cbr-unc-119(+)) 77 A X K% 10ng/ul, k7 AR —F¥
pCFJ601 % 50ng/pl, A > ¥ =7 =3 ~—7J—& LT Prab-3:mCherry::unc-54 3°UTR 77 A X K pGHS % 10
ng/ul, Pmyo-2::mCherry::unc-54 3’UTR 77 A X K pCFJ90 % 2.5ng/ul, Pmyo-3::mCherry::unc-54 3’UTR 77 A
< N pCFJ104 % 5 ng/ul, pBluescript I KS(-)% 30 ng/ul, 2L RNZAX AT 4 7LV v ar~——L LT
Phsp-16.41::peel-1::tbb-2 3°UTR 7*7 A X K pMA122 % 10 ng/pl O AR EEIZHHE LTz,

2—5. B
OB BLE B KO T (DIC) BAMEEEISX. ORCA-Spark 77 A 7 (Hamamatsu Photonics) 35 XY
UPlanSApo X 60 KiZ#I# 1L > X (NA 1.20), UPlanXApo X40 %f#L > X (NA 0.95) (\ 941 % Olympus)
%1 % 7= Olympus BX63 BEfSSE 2 F\ N CTIT o 72, BAMEE S AT L OHEIZ I cellSens Dimension Y 7 k7 =7
(Olympus) ZfEMH L7z, HufS L7=Hif81%L, Adobe Photoshop 2025 % VN CH[{GALEL 21T/ > 7,

2—5—1. NF2RZYT2 T NLR—Z—BLOR TR =23 T LR —F— 5

AFGA RTF AR 2% T A —REHWTT =3y REAER L, BREZREET 272512 025 pM LY
V=L M9 2uL BT =3y RIZE F LT, L3~L4 AT —VOEKOBAEZ O FICEE, hAA—TT R
EHETT LT — F2AER LTz, £ O%BEBIMELIC TX60 KEHL v X, £721EX40 L X% i
WTBIEEIT o 72, T OBRITEROIR UL TV WAFER SRR IC 8IS C & DR D A2 & f ikt g & Uiz,
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2—5—2. HHHBEDIFRERIEEIC S S DTC BEIL 7 DHEHT

2-5-1 L AR D FFIETER B OB D H % ANTT L RT — b & ERR LTz, & D%y THBRMEHC
X40 YL X HNTHE R b LA > 60 [EIEIZ OV TR OAETEROTREB 21T - 1=, EIEEOTZREN
FRUERY 72 U TR DML TV 2 ERZ DTC BENRT LHE L, £/, ZOBRICEDIR U THRNWAE
FHEA SR ICBIEE C & DR OB A 5 xS & LT,

2—6. BAHEIT
EFHBLOTEREBLER TR\ TRIZR S a7 DTC BBV E OB DA B A ZRHI S 572 Fisher O IEMEMEFIR
IRV EM L PEE W,

3. R
3—1. ced-12 7’2F—5—DNA B)i D2 0 —=>225dFced-12p::GFP h 7> X2 J 72 5 F /b Laf—
F =B EH

B C. elegans D ) IMZIBUWNT ced-12 181510 ORF 1% 3 DDOBIR NV AN o To A~ m AEED 2
FHIZa—RINTND, ced-I2mRNA [XSL2 DAT T A AU —F—%{H D2 Lnd SHOERNIZT— RS
A% esnk-1 BIGTFD ORF & & HIZ—FELT (RY TR hr=y7Ii2) FEHPFH A TNWD Z LR EINT
WA[10], & Z°C ced-12 OBtz N2 EFCALIET 2 csnk-1 @ ORF D 22— RFEIK & B s -MES 06 72 %
4827 bp IZMZ. EHIZ SO v E—X —FEKD 6256 bp &1 DNA Wi 27 n—=7"1L, ZOHl#E T
T GFP BB T3 EBLT 577 A RpYK234 Z{E L7z (K 2a), WIZ, Gefaffsbr LA {52 LY KUB396
FREANERC U=, Z D bkcEx52[ced-12p::GFP] 7 > A7 ) 7’y 3 F )V LiR—H —FBIRIL, ced-12 i&fnT &
csnk-1 BT D ORER SN DA U BRIT D ced-12 151D mRNA OB Y — R LEZS
ns,

3—2. ced-12p::GFP F 5> X2 I 7> 5 F /L LaN— % —(FDIC THEH L TL/=

HOCTAREEBIZRIZ L Y bkcEx52[ced-12p::GFP] s F > A2 U 7 a F /L LR—4—i%, Sl DTC TO
FRBUM A, BB T BN BLE SN (2b), ZORRIT, AEEOMES D DTC 2BV T ced-12 &
51D mRNA 35BS 5 Z L 2B L TR, £ 11 kb O DNA Wi /iy 23 22— R4 D88 ced-12 a1 %5
oA m v OB T DGR T L D EORBHIEESR N FETH 2 L 2R LT,

a
1k bp
ced-12p 11083bp
ATG TAA  ATG(ced-12)
6256 bp - thb-2 3'UTR

: ; \ >~
csnk-1 ORF sL2 m

o

W TH

ced-12p:.GFP

LAshhERES
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X 2. #RHE ced-12p::GFP T > A7 U F¥a i UR—FZ —iZBEHH O DTC TRBE L

(a) BH ced-12 FaE—F —IHTH KT RAZ YTV a) )V GFP LR—Z —DEE

(b) bkcEx52[ced-12p::GFP] s T > A —2 (0 4 SIHAHBI T AV 2= v 7 R HAFEEOE
MEEE S, MO THE (), ®tEH® (FR), BXK, %EEBIT bkcEx52[ced-12p::GFPJHE XD
GFP ¥ 7 F V% GFP F % U R)VTHE Lo, HORBIIEFEEORE R, 2EITERE AL Z T T,

A —u3— =10 um

3 — 3. DTC THHT 5 mig-24p::ced-12::GFP BTN 5 —F5 L NP 72 R 2 x = 2 R DFlk

ced-12 A5 3BEIH O DTC THELT D Z LAV RSN, WIZ, DTC THELL T ced-12 #1723 DTC O
BEhZ 0 L T D059 272012, BE O DTC CRERMIZHEILT 5 mig-24 Bin D7 a€—4 —H
W OHE T T ced-12::GFP & B 0% BT 577 A K pYK239: pYKI14-mig-24p::ced-12::GFP::tbb-2
3’UTR + Cbrunc-119(+H)Z1ER L7=(X 3a, b), S HIZ~vA 27 AV =y v azitEd, miniMos EIZ LY
bkcSi72[mig-24p::ced-12::GFP::thb-2 3" UTR]¥} X O bkeSi73[mig-24p::ced-12::GFP::thb-2 3’ UTR]> > 7 /L= &
—FART A= B LD T AT ==y Z R AR LTZ(X 3 ),

a - Proline-rich
) Armadlllg repeats X motif
D124 08® [ H H [ )—F_—I— 731aa
550 677
b mig-24p 1k bp
AiG
1180 bp - - tbb-2 3'UTR
ced-12 ORF : _-
C . R
T CED-12::GFP B

L3ghhAETER

X 3. mig-24p::ced-12::GFP + 5 > AV — 3B EHID DTC THRIAL

(@) CED-12 Z > RV BD KA A

(b) FF ARV —¥ a3 F IV mig-24p::ced-12::GFP S v T VAV — v DIEE

(¢) bkcSi72[mig-24p::ced-12::GFP] N T vV AP —V HDF 3HRAUNM P T U AV == v 7 SRBAFHE
BEoBEMEES, o THE (). 3ot (b)) BRK (F) ., BAEEBRIL bkcSi72[mig-24p::ced-
12p::GFP]HE3® CED -12::GFP ¥ 7} )V % GFP F% U RV TR L7z, HORBRITAEFREOBER
. BENZEFREEETT, A —3— =10 um
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3—4. DIC THH TS ced-12::GFP | 7> X 25— 2 ced-12(k149) ZLE kD DTC BE) #5731 X F
=z— L=

DTC OB H ORBA A 7L, BAERUIRI 5%, %AW 2%, null BREWIRFSN DT U R
BH % B ced-12(k149) 78 54K D DTC OB R ORBM A~ HEIL, Al 67%. %AW 77% Th -7

(% 4), ¥&IZ miniMos 512 £ W 1ER% U7z mig-24p::ced-12::GFP s T v AP —2 (D b T VAV 2= v 7 H
ERAWTEBIZEIT 2 DTz, ZORR, ced-12(k149)E BARDBE Y 7T, Y7 Vabt—fA N7 A
=T D bkeSi72[mig-24p.:ced-12::GFP] 35 X O\ bkcSi73[mig-24p:.ced-12::GFP]% H D N T LV AV == 7
RO DTC OB ORI Z R T BEEEILEAEI, ced-12(k149);bkeSi72[mig-24p: :ced-12::GFPJRE Tl A
5%. AW 7%, ced-12(k149);bkcSi73[mig-24p::ced-12::GFPJRE CTILAIHI 9%, %AW 7% TH-7= (K4),
PLEZX D, 20508722 mig-24p::ced-12::GFP + 7 > AP — 13 & HIT, BHEIT ced-12(k149) 78 BARIZE 1T
% DTC B#EW R 2 RIET 5 2 L RS,

b

ced-12(k149); bkeSi72
[mig-24p:: ‘ced-12:; "GFP]

ced-12(k149)

_____

______

_____

d SRS B R DS N=60
=gl
.

ced-12(k149)

d-12| k149 bkcS!
rgrg 24p. cee){ JZCG’FFs

ced 12 k149) bkcSi7. 7
[mig- 2 -:ced-12:GFP)

o

wn |
ced-12(k149)

d-12, k149 bkcsi
fre;fg 24p cegf 12(:GIFP§

AL

Hkok

*kk

0 20 40 60 80 100 (%)

X 4. mig-24p::ced-12::GFP b T > AP — 1% ced-12 B EED DTC BEIRE 2RIE L1

AR (a), ced-12(k149) BB (D). ced-12(k149);bkcSi72[mig-24p::ced-12::GFPJER(c) D AIAEFE
BRI 28 THER, (d)FEERRBIOFIH L% AR OATFEBCHMR (DTC) BENEE D5
BE, P{EIX Fisher D EREMBEREDME ***: P<0.001. HOABRITEFHBEOBERE., NIV 7
¥ERT, AT —NAs"— =10 um
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4. BE
4 — 1. ced-12 EBfx 1 DftE= N 0 5 (] Vi 11083 bp & DNA W7 /714 DTC TOFEZZ 150 T 5
ced-12 T&f5113 csnk-1 18151 & 3812 CEOP1592 A v KT 5 L BEZ LI TVDEH, D DOREBLS
B — IR CTh o7, ced-12 7 7 LOBMEa K2 0K A > b (0#R) & LT, 2O Efiica—FEh
% csnk-1 {510 ORF % & 1e 11083 bp @ DNA Wi J1 % ced-12 7 E—4%—L L THWD Z & TIER L 7= ced-
12p::GFP N A7 Y 7 a )L LR—2 —H3ED GFP ORBLNL BRI O DTC IZB W TR S - Z & h
B, ced-12 BA&1® ORF @ _LjifEiK 11083 bp (£ CEOP1592 A< il a— KNI HBIEFRED DTC (231
HERG O IEOHIBENZ 53728k T 5 2 L 2R S 372, 11083 bp (21 csnk-1 A5 D ORF NEENTEH
V. Z ORI B SEEAN S EALD ATREPED BRI DS 2R S TWIRWAN, esnk-1 BAR T OB = N &
0V L3 6256 bp OfENEAY CEOP1592 AXu v D7 ut—4 —fEk L HEIND DT, Z OEBICAFHRME
7' AZBWT DTC TORBZ EICHETT HEIINGFET 5 2 Enliffans (K5), S%OEMR%
BUREIEE DR E & BB & LTofT Iz <, FAEAERT 25 R T ORENFHFTZN D, ced-12 BIL 1T,
AN XA T AR b= AMaO 7 VT T AL ETH I ENMBITWD[S], [15], Fx i,
ced-12p::GFP N7 VA7 U7 a F NN UR—=F2 =N TR M=V ZMIAD 7 VT 7 o Z%4T 5 AFER.O sheath
cell CHRHTDHILEEXIEDODTND CREET—¥), Len-oT, LR L7 6256 bp @ DNA BN
DTC & sheath cell CHEEIZHEBLHIET 2 IR TFIE L, & OB Il OB K 138 &7 2 ATREME NS 2
L, SEOMBANFFIZND,

transcriptional promotion

Y106G6E.4.1

CEOP1592
operon

csnk-1 L2 ced-12
D=,
migration

B 5. BRAAETERBBIR 7 2 & 228IT 5 ced-12 BIZ T OEBEHIH & #EET L
BRE KT Cd 5 Factor X 23 DTC ® CEOP1592 AXu D7 ut—F —fERICHEA L. BELTE
ST 5, BEINT ced-12 BETIX. ZOBRBIRIN CED-12 # VX7 B%RB T 5, CED-
12 # R 7Ei%. DTC DFHAEZ R - BB OREEREF & Uik B REICHRET 5,

4 — 2. DIC THH T S ced-12 E1x1ZH0E H H#HIIE DTC DL TAMESE & - /2 iR 2 HiH 75

ced-12p::GFP v 27 J 73 a )L LAR—Z —H3kO GFP 7 DTC THILL Tv /o, £NUINA T, DTC
TDH CED-12 DFRBZEETDH M T AT ==y V7 RE Wil 2 A 7RER) 72 L A% 2 —FERIZEKDY
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This paper reports a practice called “Student Council DX at Ritsumeikan Moriyama High School. The
aim of this practice is to improve student council activities as a place for learning democracy by using digital
technology. In large-scale schools, student council activities are often led by a limited number of students,
and it is difficult for many students to share their opinions. To solve this problem, the school introduced a
hybrid system. This system combines representative democracy, such as student council elections, with
continuous student participation. A digital platform was used to collect student opinions anonymously and to
show them visually. In addition, electronic voting was used in student council elections so that students could
experience voting as a voluntary activity. This practice was designed to support face-to-face discussion, not
to replace it. By reducing the burden of collecting and organizing opinions, students could focus more on
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Performance of the Ritsumeikan 60 cm Telescope:

Photometric Precision and Limiting Magnitudes

Kiyoe Kawauchi" and Masaki Mori"

The Ritsumeikan 60 cm telescope was installed in 2014 as 20th anniversary of opening the Biwako-Kusatsu
campus. Since then, the efforts of staff and students over the years have established an observing system that
includes remote operation of the telescope and camera as well as data transfer, enabling routine observations. In
recent years, the introduction of a high-performance CMOS camera (FLI KL4040) and narrow-band filters has
helped establish the infrastructure for science observations, in addition to supporting student education. In this paper,
we evaluate the performance of the currently available CMOS camera and filters to guide future observing programs.
The KL4040 provides a field of view of ~21.5 X 21.5 arcmin® with a pixel scale of ~0.63 arcsec/pix. We also find
that the linearity of the merged images automatically produced by FLI Pilot gradually degrades when the dark-
subtracted signal exceeds ~48,000 ADU. The limiting magnitudes are 18.45 mag in the B band for 590s, 18.50 mag
in the V band for 487s, 18.63 mag in the R band for 609s, and 17.3 mag in the Ho band for 1072s. In addition, from
a transit observation of WASP-12 (V~11.57) with V band during ~5 hours, we obtain a root mean square residual
(RMS) of ~0.38% per exposure (39s). The measured RMS exceeds the expected white-noise budget, suggesting a
contribution from time-correlated noise (red noise). Further improvements in high-precision photometry will benefit

from enhanced systematics-correction methods as well as improved pointing stability.
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1 Introduction

Recent advances in observational techniques and instrumentation have led to rapid progress in astronomy. In particular,
8 m-class ground-based telescopes such as the Subaru Telescope and space observatories such as the James Webb Space
Telescope (JWST) have driven many of these achievements. The construction of 30 m-class ground-based telescopes is
also underway, promising further advances. However, access to these state-of-the-art telescopes is limited, and observing
schedules are often fixed more than a few months in advance, restricting long-term monitoring programs and rapid
responses to transient events. Very bright stars are also difficult to observe because of detector saturation. Under these
circumstances, small- and medium-sized telescopes that can be operated over long timescales with greater flexibility play
an important role.

Preparatory observations with small- and medium-sized telescopes are valuable for maximizing the scientific return
of state-of-the-art telescopes. In exoplanet transit observations, for example, accurate predictions of transit mid-times are
important for scheduling. As the time since the last measurement increases, uncertainties in the orbital period accumulate,
leading to larger uncertainties in the predicted mid-transit time. In one JWST observation, the use of an outdated ephemeris
resulted in missing the early part of a transit (Taylor et al. 2025). Transit times can also change because of transit timing
variations (TTVs) and orbital decay. Regular transit monitoring with small- and medium-sized telescopes therefore helps
to keep orbital parameters, including the period, up to date.

In addition, the high-precision photometry has highlighted that stellar activity can have a non-negligible impact on
exoplanet atmospheric studies based on transmission spectroscopy (e.g., Rackham et al. 2023). The effect is particularly
significant for planets orbiting young stars or active M dwarfs. To constrain atmospheric parameters more reliably from
transmission spectra obtained with JWST and large ground-based telescopes, it is important to monitor stellar activity with
small- and medium-sized telescopes and to quantify its impact (e.g., Mori et al. 2024).

In this study, we evaluate the photometric performance of the existing filter set and a CMOS camera on the Ritsumeikan
60 cm telescope, providing a basis for planning scientific observations. This paper is organized as follows. Sections 2 and
3 describe the telescope, the CMOS camera, and the filters. Section 4 presents the performance evaluation of the CMOS

camera, and Section 5 reports the achieved photometric precision. Section 6 summarizes the main results of this study.

2 Telescope

The Ritsumeikan 60 cm telescope has been operating since 2014 on the rooftop of the TRICEA building at the
Biwako-Kusatsu Campus (BKC), Ritsumeikan University (34°58’59.5”” N, 135°57'54.6" E, 174 m a.s.1.). The telescope
is an equatorial classical Cassegrain reflector manufactured by Nishimura Mfg. Co., Ltd., with a 60 cm effective primary
aperture and an /10 focal ratio.

Operations are carried out using the Master of Telescope (MoT) software, which interfaces with the telescope controller
provided by Nishimura Mfg. Co., Ltd. In 2024, we enabled socket-based communication by upgrading the MoT system.
This upgrade will enable the implementation of an autoguiding system to improve tracking performance and will facilitate

the development of an automated observing system in the future.
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3 Instruments

Since 2022, the Ritsumeikan 60 cm telescope has been primarily equipped with a CMOS camera (FLI KL4040). We
also have a routinely available set of four broadband and three narrowband filters, and additional broadband filters are

available. The specifications of these instruments are summarized below.

3.1 CMOS camera

The KL4040 scientific CMOS camera is manufactured by Finger Lakes Instrumentation (FLI) and uses a front-
illuminated Gpixel GSENSE4040 sensor. The detector has 4096 x 4096 pixels with a pixel size of 9 um. It provides a
peak quantum efficiency of ~74% at 6000 A and a typical readout noise of 3.7 e~ in rolling-shutter mode, with a full-well
capacity of 70,000 electrons and a dynamic range of 85.2 dB.

The sensor outputs both low-gain (17.5 e”/ADU) and high-gain (0.85 e”/ADU) images with 12-bit conversion. The
FLI Pilot software combines these two images to produce a high dynamic range image (hereafter, the merged image) and
stores it in a 16-bit format. We also use the Low Dark Current (LDC) mode to reduce charge accumulation in unilluminated

pixels and apply 2 X 2 binning in FLI Pilot after readout to improve the signal-to-noise ratio.

3.2 Filters

Our observatory currently maintains a set of Astrodon Johnson—Cousins filters (U, B, V, R¢, and I¢), as well as a Near
Infrared Luminance (NIR) filter, an Exoplanet Blue Blocking (Exoplanet-bb) filter, and Baader narrowband filters (Ha,
[O,I11], and [S,II]) purchased in 2025. Table 1 summarizes the wavelength range and name of each filter. All filters have
peak transmissions exceeding 90% within their main passbands, and each has a thickness of 3 mm.

The Ritsumeikan 60 cm telescope is equipped with a Finger Lakes Instrumentation (FLI) color filter wheel (CFW).
The CFW can hold up to seven 50 mm square filters with thicknesses of 3-5 mm, allowing filter changes within a few
seconds. Since February 2025, the CFW has been loaded with the B, V, and Rc filters, the Exoplanet-BB filter, and the
narrowband filters (Ha, O 111, and S II) for routine use. The remaining filters can be used by replacing filters in the CFW

as needed.

4 Performance metrics

To evaluate the performance of the KL.4040 camera on the Ritsumeikan 60 cm telescope, we examined the non-linearity
of the high-gain and low-gain images and verified the procedure used to generate the merged images. We also estimated
the limiting magnitudes obtained with the B, V, R¢, and He filters, which are used most frequently. The results are

summarized below.

4.1 Field of View

The KL4040 has an imaging area of 36.8 mm X 36.8 mm. Given the 6000 mm focal length of the Ritsumeikan 60

cm telescope, the field of view (FoV) is expected to be approximately 21.0 x 21.0 arcmin®. We tested this estimate using
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Table 1: Specifications of filters

Type of filter =~ Wavelength range Name
A)
uv 3697 + 472 Astrodon Photometrics UV
B 4261 + 887 Astrodon Photometrics B
5387 + 964 Astrodon Photometrics V
Rc 6413 + 1425 Astrodon Photometrics R,
Ic 8071 + 1623 Astrodon Photometrics I
Exoplanet-BB > 5000 Astrodon XOPBB_50S
NIR > 7000 Astrodon NIRL_50S
Ha 6563 + 65 Baader H-alpha Narrowband Filter - CMOS-optimized
oI 5020 + 65 Baader O-III Narrowband Filter —- CMOS-optimized
SII 6730 + 65 Baader S-II Narrowband Filter — CMOS-optimized

a V-band image of NGC 188 obtained on 9 March 2025. Astrometric calibration with the Astrometry.net code (Lang
et al. 2010) yields a pixel scale of ~0.63 arcsec per pixel and an FoV of 21.49 x 21.47 arcmin?, consistent with the above
estimate.

The small difference between the horizontal and vertical FoV is likely due to a slight rotation of the camera orientation.
In fact, the Astrometry.net solution also indicates that the images are flipped horizontally and that the field is rotated by
approximately 91°. This rotation angle depends on the tightness of the threaded connection between the CMOS camera

and the telescope, and it may change after the camera is removed and reattached.

4.2 Non-linearity

The KL4040 records high-gain and low-gain images simultaneously with 12-bit conversion. We investigated the count
ranges over which each output remains linear. To evaluate the linearity of the high-gain images, we acquired B-band
flat-field frames with exposure times from 1 to 13 s in 1 s steps (five frames per exposure time). The flats were obtained
by illuminating the inner wall of the dome (7 m in diameter, painted in white) and pointing the telescope near the zenith to
image a relatively uniform, low-relief slit-like surface. To remove dark noises, we took 10 dark frames at each exposure
time and median-combined them to create a master dark frame. After subtracting the corresponding master dark from
each flat, we median-combined the five dark-subtracted flats at each exposure time to produce master flat frames.

The resulting flats showed non-uniform illumination due to optical effects. To minimize the impact of this spatial
gradient, we defined a circular region centered on the image in which the relative standard deviation (std/mean) is within
3%, corresponding to a radius of R ~ 550 pixels. Linearity was then evaluated using the median count within this region
as a function of exposure time. For the low-gain images, we obtained V-band flats with exposure times from 1 to 18 sin 1
s steps (five frames per exposure time). We produced master flats using the same procedure and derived the relationship
between exposure time and the median count within R ~ 550 pixels.

To quantify non-linearity, we first performed a linear fit to all data points for the high-gain images. We then refit using
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only the points that deviated by less than 1% from the initial model and computed the relative residuals with respect to the
best-fit model. For the low-gain images, we performed a linear fit using only points below 2000 ADU to avoid potential
non-linear effects and computed the relative residuals in the same manner. Figure 1 shows the exposure time versus

median count (top panels) and the relative residuals with respect to the best-fit model (bottom panels) for both high-gain

and low-gain images.
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Figure 1: Relationship between exposure time (s) and median counts (ADU) for the high-gain (upper left) and low-gain
(upper right) images. Filled circles indicate data points used for the linear fit, and open circles indicate points excluded
from the fit. Solid lines show the best-fit linear models. The lower panels present the relative residuals with respect to the

best-fit model (non-linearity; %) for the high-gain (lower left) and low-gain (lower right) images. Dashed lines mark +1%

deviation.

The high-gain images exhibit non-linearity below 1000 ADU and above 3800 ADU, whereas the response remains
linear to within 1% between 1000 and 3500 ADU. For the low-gain images, the response is linear to within 1% up to ~2400
ADU, excluding the single data point at the shortest exposure time. During the acquisition of the high-gain flats, low-gain
images were recorded simultaneously. Those low-gain images reached even lower ADU levels than the shortest-exposure
point in the dedicated low-gain test while still remaining linear to within 1%. This suggests that the apparent non-linearity

at the shortest exposure time in the low-gain test is likely caused by the exposure time being too short.

4.3 Contracting the merged images

FLI Pilot automatically generates merged images from the simultaneously recorded high-gain and low-gain images.
In this subsection, we examine how the merged image is produced and evaluate two points: (i) whether the merged image

can be reproduced using the header information, and (ii) whether incorporating high-gain information improves linearity.
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We first tested whether the merged image can be described as a simple linear transformation of either the low-gain
or the high-gain image. We sampled a large number of pixels and fitted a linear relation between the merged image
and the low-gain (or high-gain) image. As an example, we used a B-band flat field with an exposure time of 6 s, for
which the high-gain image is within its linear regime. The merged—low relation is well described by a linear model with
R? = 0.999994 and a residual standard deviation of 0.28 ADU, indicating that the merged pixel values are almost entirely
reproduced by a linear transformation of the low-gain image. In contrast, the merged—high relation shows a much poorer
fit (R*> = 0.698) with a residual standard deviation of 76.6 ADU, indicating that the merged image cannot be explained
by the high-gain image alone. The fitted coefficients for the merged—low relation are consistent with the header keywords
MERGE_GR and MERGE_LO, and the same behavior is found for all exposure times. These results suggest that the
merged image is effectively a scaled and offset version of the low-gain image. We verified this interpretation using the

FITS header values MERGE_GR and MERGE_LO. We generated transformed images as
Ferge = 19.75 (MERGE_GR) Fioy — 1138 (MERGE_LO), )

and compared the median counts within R ~ 550 pixels. The transformed images agree closely with the merged images
produced by FLI Pilot for all exposure times.

Next, we constructed merged images independently using both the low-gain and high-gain images to test whether
linearity could be improved. Using the B-band master flats obtained for the non-linearity analysis, we derived the relation
between the high-gain and low-gain images from the median counts within R =~ 550 pixels. Only data taken within the

linear regime of the high-gain image (1000-3500 ADU) were used. We obtained
Fhigh = 17.45 Fiow +9.89. 2)

To match the scale of the FLI Pilot merged image, we converted the high-gain values to low-gain-equivalent values using
Eq. (2) in the low-count regime, while the original low-gain values were used in the high-count regime. We adopted a
threshold of 3500 ADU and introduced a smooth transition over a width of 250 ADU. The synthetic low-gain image was
constructed as

Fl()w,syn =w Fiow + (1 = W) Fiow from high» 3)

where w is a weight that varies between 0 and 1 across the transition range. The merged image was then generated using
Eq. (1).

The resulting merged image shows the same count range over which the response remains linear as the FLI Pilot
merged image (left panel of Fig. 2). However, within the linear regime, the residual standard deviation relative to the
best-fit model is smaller for our merged image (~0.10%) than for the FLI Pilot merged image (~0.27%). This indicates
a modest improvement in linearity when high-gain information is incorporated. At high count levels, where the merged
image is determined primarily by the low-gain data, the two methods yield nearly identical results (right panel of Fig. 2).
The FLI Pilot merged image is stored in a 16-bit format and therefore saturates at ~62,476.5 ADU (after dark subtraction).
In contrast, our method can be extended numerically beyond this limit, and the non-linearity remains within ~2% up to
~72,000 ADU. Nevertheless, since the non-linearity exceeds 1% at median counts of ~48,000 ADU, exposure settings

should be chosen to keep the signal below this level when high-precision photometry is required.
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Figure 2: Relationship between exposure time (s) and median counts (ADU) for the merged images produced by FLI Pilot
(open squares) and for the merged images independently constructed from the low-gain and high-gain data (filled circles),
shown for the low-count (upper left) and high-count (upper right) regimes. Solid lines indicate the best-fit linear models.
The lower panels present the relative residuals with respect to the best-fit model (non-linearity; %) for the low-count (lower

left) and high-count (lower right) regimes. Dashed lines mark +1% deviation.

4.4 Limiting Magnitude

We evaluated the limiting magnitudes of the FLI KL.4040 camera on the Ritsumeikan 60 cm telescope using the filters
most frequently employed at our observatory: B, V, Rc, and Ha. We observed the open cluster NGC 188 on 9 March
2025, obtaining 20 frames with 55 s exposures in the B band, 25 frames with 20 s exposures in the V band, 25 frames
with 25 s exposures in the R¢ band, and 20 frames with 55 s exposures in the Ha band. Based on the results of the
previous subsection, which showed no significant differences between the FLI Pilot merged images and our independently
constructed merged images, we used the merged images produced by FLI Pilot in this analysis.

For each raw frame, we subtracted a master dark constructed by median-combining 10 dark frames taken on the same
night with the same exposure time. We then divided by a master flat created by median-combining 50 flat frames obtained
as close in time as possible for each bandpass, thereby correcting pixel-to-pixel sensitivity variations and large-scale
illumination patterns. Frame-to-frame shifts (dx, dy) were measured by cross-correlation relative to the first frame, and
the images were shifted using IRAF imshift (Tody 1993). The shifted images were then average-combined. For the B
band, we used only the first 11 frames (instead of all 20) to make the total integration time comparable to that of the other
broadband data.

Sources were detected with IRAF daofind and measured with IRAF phot. We adopted an aperture radius of 6 pixels
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(~ 1.1 times the FWHM). We assigned WCS coordinates using Astrometry.net and cross-matched the detected sources
with the NGC 188 photometric catalog of Sarajedini et al. (1999) using a matching radius of 0.9 arcsec. This procedure
yielded 167 stars in the B band, 216 in the V band, 330 in the R¢ band, and 54 in the Ha band. The photometric zero
point was derived as the median of the differences between instrumental and catalog magnitudes. For the Ha band, we
used the R-band catalog magnitudes as the reference. The resulting zero points are 24.95 mag in the B band, 24.31 mag
in the V band, 24.65 mag in the R band, and 22.09 mag in He band. Figure 3 shows the relation between instrumental and

catalog magnitudes for each band.
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Figure 3: Relationship between the FLI4040 camera instrumental magnitude (M;,s;) and the catalog magnitude (M,,;)
for stars in the B, V, R, and Ha bands, respectively. For the Ha panel, the R band catalog magnitudes are adopted as the

photometric reference. Solid lines show M., = M;,s; + mag, where mag is the photometric zero point.

For the sky background, we converted the median background counts used in the photometry (per 1 pix?) into
magnitudes and then into surface brightness units using the pixel scale. The background surface brightness per exposure
is 17.0 mag arcsec ™2 in the B band, 16.9 mag arcsec™ in the V band, 16.8 mag arcsec™ in the R band, and 17.3 mag
arcsec ™~ in the Ha band. The FITS headers provide the effective exposure time for each frame, excluding readout and other
overheads. Using this effective exposure time, the sky background surface brightness per second is 21.3 mag arcsec™ in
the B band, 20.1 mag arcsec™ in the V band, 20.2 mag arcsec™ in the R band, and 21.6 mag arcsec > in the Ha band.

Finally, we evaluated the signal-to-noise ratio (S/N), including stellar noise, sky background noise, and readout noise,

and defined the limiting magnitude by S/N = 5. The relations between the stellar signal S and the noise components are

s = V10-0-4(mag-mago) v

Ngtellar
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S 10~0-4(mag-mago)
_ , s)
Nread n,+/A, Texp
S 10—().4(mag—mag0)
= (6)

Tsky VA, sky

where magy is the photometric zero point, n is the readout noise (3.7 €7), A is the aperture area, .y, is the effective
exposure time, and sky is the sky background magnitude per 1 pix” for a given exposure time. As the stacked images are
average-combined, the signal level corresponds to a single exposure, while random noise is reduced by a factor of 1/VN
for N combined frames. We therefore scaled the S/N values from equation (4)—(6) by 1/VN and used them to compute
the total noise and S/N. As a result, the limiting magnitudes for S/N>5 are 18.45 mag in the B band with a total exposure
time of 590 s, 18.50 mag in V band with 487 s, 18.63 mag in the R band with 609 s, and 17.3 mag in Ha band with 1072

s, expressed in R-band magnitudes (Fig. 4).
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Figure 4: Expected relative uncertainty as a function of catalog magnitude in the B, V, R, and Ha bands (top-left to bottom-
right), computed for exposure times of 590, 487, 609, and 1072 s, respectively. Solid, dashed, dotted, and dot-dashed lines

show the S/N limited by the total noise, stellar photon noise, sky background noise, and read noise, respectively.

5 Precision of Photometry

High-precision, stable photometry over long timescales is important for exoplanet transit observations and for char-
acterizing variability due to stellar activity. We therefore evaluated the photometric precision of the Ritsumeikan 60 cm

telescope equipped with the FLLI4040 camera using a transit dataset of WASP-12b. The observations were conducted in
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the V band on December 2, 2024 (JST 21:12-26:35) with an exposure time of 40 s (effective exposure time 39.0 s), during
which the airmass decreased from 1.76 to 1.02. WASP-12 is a GO dwarf with V=11.57, hosting the ultra-hot Jupiter
WASP-12b, whose equilibrium temperature exceeds 2500 K. The observed orbital period appears to be decreasing in a
manner consistent with orbital decay (e.g., Yee et al. 2020).

We performed aperture photometry using a customized code based on that of Fukui et al. (2011), modified for the
FLI4040 data. The images were slightly defocused, yielding typical stellar FWHM values of 12-20 pixels. For relative
photometry, we tested multiple comparison stars and adopted the combination that minimized the RMS. We fitted the transit
light curve with PyTransit (Hannu Parviainen 2015), simultaneously modeling a linear baseline trend as a function of
airmass. Limb-darkening coefficients were computed from stellar parameters using LDTk (Husser et al. 2013; H. Parviainen
and Aigrain 2015) and were held fixed in the fit. Posterior distributions of the transit parameters were obtained using
Markov chain Monte Carlo (MCMC) sampling with emcee (Foreman-Mackey et al. 2013), using 50 walkers and 10,000
iterations. We computed the RMS of the residuals (O-C) after subtracting the best-fit model from the relative fluxes,
obtaining an RMS of ~0.38% per exposure (39 s). The left panel of Figure 5 shows the detrended transit light curve and

the corresponding residuals.
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Figure 5: Left: Detrended V-band transit light curve (top) of WASP-12b observed on December 2, 2024, and the
corresponding residuals (bottom). Gray points show the unbinned data, and black points show the data binned in 10-
minute intervals. The solid line denotes the best-fitting transit model. Right: Time variation of the stellar centroid

positions in the observed field of view in the x (top) and y (bottom) directions.

We also estimated the expected per-exposure uncertainty, o, by combining the photon-noise contributions from the
target (074, ger) and the summed comparison stars (0comp ), the sky-background noise (oxy), the readout noise (0¢qa)s
and the scintillation noise (0., ). Each component was evaluated for every exposure and summarized by its median value,
and os¢i, Was computed using Equation. (10) of Dravins et al. (1998). We obtained o, ger = 0.161%, 0comp =0.036%,

Osky =0.111%, 0reqa =0.024%, and o¢;, =0.075%, which yield o, =0.214% when combined in quadrature. Because
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the measured RMS exceeds oy, the data likely include additional scatter not captured by the white-noise budget.

Time-correlated noise (red noise) is a plausible contributor to this discrepancy. We quantified its impact using a
time-averaging analysis over bin widths of 1-60 min. and evaluated the factor 3, defined as the ratio between the measured
binned RMS and the 1/VN scaling expected for pure white noise. The 3 factor increased with bin width and approached
B ~ 3 for bin widths longer than 20 min, indicating substantial time-correlated noise. This suggests that red noise is a
major contributor to the excess scatter relative to Treyy.

To investigate potential drivers of the red noise, we examined correlations between the residuals and external parameters,
including airmass, sky level, FWHM, and centroid shifts (Ax, Ay). The effect of simple linear correlations was limited,
consistent with the linear airmass detrending included in the light-curve fit. In contrast, models including a quadratic
airmass term provided the largest improvement, and a joint correction using multiple external parameters (including both
linear and quadratic terms) reduced S to ~ 1.5-2.0, although time-correlated noise remained. Further mitigation may
be achieved with more flexible systematic models (e.g., Gaussian Process) and by selecting comparison-star ensembles
optimized for the timescales at which red noise becomes prominent (~ 20 min in this dataset).

Large centroid motions may also have contributed to the red noise by coupling flat-field residuals into the photometry.
During the observation, Ax and Ay varied by up to ~ 50 pix and ~ 70 pix, respectively (right panel of Figure 5), which
correspond to ~31.5 arcsec and ~ 44.1 arcsec, and manual adjustments were applied to keep the intended comparison stars
within the FoV. Such motions can increase the photometric scatter and may also restrict the set of usable comparison stars.
A robust self auto-guiding system that accounts for mechanical vibrations and improves pointing stability is therefore
important for achieving higher photometric precision (e.g., Narita et al. 2019).

In this section, we evaluated the photometric precision in the V band. Similar analyses in other bands will be carried

out in future work to assess the instrument performance more comprehensively.

6 Summary

To provide practical metrics for assessing observational feasibility with the Ritsumeikan 60 cm telescope, we inves-
tigated the nonlinearity of the FLLI4040 CMOS camera currently used for routine observations and evaluated the limiting
magnitudes in the B, V, R, and Ha bands. We found that the linearity of the merged images automatically produced by
FLI Pilot gradually degrades at around 48,000 ADU. The limiting magnitudes were 18.45 mag in the B band for a total
exposure time of 590 s, 18.50 mag in the V band for 487 s, 18.63 mag in the R band for 609 s, and 17.3 mag in the Ha
band for 1072 s (expressed in R band magnitudes). In addition, an analysis of an exoplanet transit dataset shows that the
photometric precision reaches an RMS of 0.38% per exposure (39 s) for a G-type star with V =~ 11.7. The observed scatter
exceeds the expected error budget, suggesting a contribution from time-correlated noise (red noise) as one of the dominant
factors. Further improvements in photometric precision will benefit from adopting more flexible systematics-correction
methods for time variability, as well as from improving pointing stability through the development of a self-auto-guiding
system.

In this academic year, we also installed a new high-performance CMOS camera (Bitran BJ-71M). This upgrade will
enable us to test potential improvements in photometric performance and to help disentangle whether the dominant noise

sources are instrument-related.
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