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Abstract 

The Ca 2 + signaling genes cpe-1 , plc-1 , ncs-1 , splA 2 , camk-1 , camk-2 , camk-3 , camk-4 , cmd , and cnb-1 are necessary for a normal circadian 

period length in Neurospora crassa . In addition, the Q 10 values ranged between 0.8 and 1.2 for the single mutants lacking cpe-1 , splA 2 , 
camk-1 , camk-2 , camk-3 , camk-4 , and cnb-1 , suggesting that the cir cadian cloc k exhibits standard temper ature compensation. How ever, 
the Q 10 value for the �plc-1 mutant was 1.41 at 25 and 30 ◦C, 1.53 and 1.40 for the �ncs-1 mutant at 20 and 25 ◦C, and at 20 and 30 
◦C, r especti v el y, suggesting a partial loss of temperature compensation in these two m utants. Mor eov er, expr ession of frq , a regulator 
of the circadian period, and the blue light r ece ptor wc-1 , wer e incr eased > 2-fold in the �plc-1 , �plc-1 ; �cpe-1 , and the �plc-1 ; �splA 2 

mutants at 20 ◦C. The frq mRNA level was increased > 2-fold in the �ncs-1 mutant compared to the ras-1 bd strain at 20 ◦C. Therefore, 
multiple Ca 2 + signaling genes regulate the circadian period, by influencing expression of the frq and wc-1 genes that are critical for 
maintaining the normal circadian period length in N. crassa . 

Ke yw ords: calcium signaling, circadian clock, Neurospora crassa , period length, fr equenc y , white collar-1 
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Introduction 

Circadian rhythms are ubiquitous biological oscillations with an 

∼24 h period that impact diverse cell processes, including cell divi- 
sion, homeostasis, immunity, physiology, and slee p-wak e cycles in 

eukaryotes ranging from fungi to mammals (Aronson et al. 1994a ).
This internal timek ee ping mechanism or daily clock phenomenon 

was termed "circadian" in the 1950s by Halberg, combining the 
Latin terms ‘ circa ’ for ‘about’ and ‘ dien ’ for ‘day’ to explain the bio- 
logical activity having a frequency of one cycle in e v ery 24 h (Hal- 
berg et al. 2003 ). The circadian clock has a free-running period,
which runs at approximately the same rate within a br oad r ange 
of temper atur es, a phenomenon known as temper atur e compen- 
sation, expressed as Q 10 that normally ranges between 0.8 and 1.2 
(Mattern et al. 1982 , Sorek and Levy 2012 , Avello et al. 2019 ). 

The calcium ion (Ca 2 + ), a ubiquitous secondary messenger,
plays a role in mammalian circadian timek ee ping (O’Neill and 

Red d y 2012 ). The extracellular signals mediated by Ca 2 + regu- 
late amplitude , phase , and period in mammals (O’Neill and Red d y 
2012 ). In mice, a tr ansmembr ane Ca 2 + flux maintains the molec- 
ular rhythmicity by regulating the expression of the clock gene 
in the hypothalamic supr ac hiasmatic nucleus (SCN; Lundkvist et 
al. 2005 ). The circadian timing in the SCN neurons is entrained 

by changes in adenylate cyclase and phospholipase C (PLC) ac- 
tivities (An et al. 2011 ). In addition, inhibition of the inositol 
1,4,5-trisphosphate receptor (IP 3 R) or the endoplasmic-reticulum 

Ca 2 + -ATP ase (SERCA) incr eases period length, indicating a r ole for 
Ca 2 + in modulating the molecular circadian clock in the liver of 
rats (Báez-Ruiz and Díaz-Muñoz 2011 ). In both prokaryotes and 
Recei v ed 15 June 2022; revised 12 April 2023; accepted 15 May 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. All r
journals.permissions@oup.com 
ukaryotes, Na 2 + /Ca 2 + mediated Ca 2 + signaling is conserved in 

emper atur e-compensated circadian rhythms (Kon et al. 2021 ). 
The model filamentous fungus Neurospora crassa displays a vis- 

ble circadian rhythm in the v egetativ e de v elopmental pr ogr am
Bell-pedersen et al. 1992 , Aronson et al. 1994a ). In N. crassa , the cir-
adian period is c hanged onl y slightl y at differ ent temper atur es,
hus compensated for the temper atur e differ ence, and expr essed
s the Q 10 ratio. The stable interaction of FREQUENCY-casein Ki-
ase 1 (FRQ-CK1) is critical for temper atur e compensation in N.
rassa (Hu et al. 2021 ). Se v er al molecular components of the clock,
uch as frequency ( frq ) and the white collar genes ( wc-1 and wc-
 ) hav e alr eady been c har acterized (Ar onson et al. 1994a , 1994b ,
rosthwaite et al. 1997 ) . The fr q tr anscript oscillates dail y and the
RQ protein sets the circadian clock phase (Aronson et al. 1994b ).
n N. crassa , WC-1 and WC-2 are two proteins in the GA T A zinc
nger family of nuclear transcription factors that bind to the con-
ensus element within the promoter of light-regulated genes (Bal- 
ario et al. 1996 , Linden and Macino 1997 ). The WC proteins play an
ssential role in maintaining the N. crassa circadian feedback loop
Crosthwaite et al. 1997 ). The WC-1 and WC-2 proteins interact to
orm the white collar complex (WCC) via their conserved P er- A rnt-
 im (PAS) domains (Ballario et al. 1998 , Cheng et al. 2002 , Fr anc hi
t al. 2005 , Wang et al. 2016 ) to maintain circadian rhythmicity in
onstant darkness by regulating rhythmic expression from the frq 
ocus (Crosthwaite et al. 1997 , Garceau et al. 1997 ). The ne wl y syn-
hesized FRQ is pr ogr essiv el y phosphorylated by se v er al kinases
nd regulated by phosphatases (Baker et al. 2012 ). FRQ inhibits
ts own transcription through FRQ-dependent phosphorylation of 
ights r eserv ed. For permissions, please e-mail: 
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he WCC complex, using a negative feedback loop, because the
hosphorylated WCC complex cannot bind to the frq promoter

Aronson et al. 1994b , Baker et al. 2012 , Wang et al. 2019 ). Ho w e v er,
hen FRQ le v els fall below a critical thr eshold, fr q tr anscription

s r eactiv ated (Gar ceau et al. 1997 , Liu and Bell-P edersen 2006 ).
her efor e, the negativ e feedbac k loop causes dail y rhythmic ac-
um ulation of fr q mRNA and FRQ protein, and their oscillations
re essential for the normal circadian clock in N. crassa (Garceau
t al. 1997 , Liu and Bell-Pedersen 2006 ). Mor eov er, FRQ acts posi-
iv el y on WC-1 and WC-2 by upregulating the WC-1 pr otein le v-
ls post-tr anscriptionall y and wc-2 mRNA le v els tr anscriptionall y,
hereby forming an interlock ed positi ve feedback loop (Cheng et
l. 2001 ). 

The Ca 2 + signaling gene cmd encodes calmodulin (CaM), a Ca 2 + 

ensor r equir ed for gr owth, str ess toler ance, circadian cloc k, and
exual de v elopment in N. crassa (Laxmi and Tamuli 2015 , 2017 ).
aM activ ates se v er al other Ca 2 + signaling pr oteins, including
a 2 + /CaM-dependent kinases (Ca 2 + /CaMKs) and calcineurin. In N.

rassa , the camk-1 , camk-2 , camk-3 , and camk-4 genes encode four
ifferent Ca 2 + /CaMKs, including Ca 2 + /CaMK-1 and Ca 2 + /CaMK-
, that are both required for full fertility (Tamuli et al. 2011 , Ku-
ar and Tamuli 2014 ). The cna-1 and cnb-1 genes encode the cal-

ineurin catalytic subunit A (CNA-1) and the regulatory subunit B
CNB-1), r espectiv el y in N. crassa (Tamuli et al. 2016 , Kumar et al.
019 ). 

The Ca 2 + signaling genes cpe-1 , plc-1 , and splA 2 encode a
a 2 + /H 

+ exchanger (CPE-1), a phospholipase C-1 (PLC-1), and a
ecretory phospholipase A 2 (sPLA 2 ), respectively (Barman and
amuli 2015 ). The cpe-1 , plc-1 , and splA 2 genes are necessary for
r owth, conidiation, car otenoid accum ulation, and maintaining
a 2 + homeostasis in N. crassa (Barman and Tamuli 2015 , Roy et al.
020 ). Mor eov er, cpe-1 and splA 2 exhibit epistatic interactions with
lc-1 for normal asexual and sexual de v elopment in N. crassa (Bar-
an and Tamuli 2017 ). In the cell, various Ca 2 + sensors respond

o high concentrations of Ca 2 + . The neuronal calcium sensor-1
NCS-1) protein (Deka et al. 2011 ) interacts with a Ca 2 + -permeable
 hannel (MID-1), whic h has a r ole in maintaining Ca 2 + homeosta-
is (Lew et al. 2008 ), and possibly blocks the channel for tolerance
o high Ca 2 + concentrations (Gohain and Tamuli 2019 ). 

Although the core clock mechanism has been identified in N.
rassa , a possible role for Ca 2 + signaling genes in regulating the cir-
adian rhythm has remained largely unexplored. In this study, we
nv estigated m ultiple Ca 2 + signaling genes for their r oles in r egu-
ating N. crassa circadian period length under different tempera-
ure conditions. We found that the Ca 2 + signaling genes cpe-1 , plc-
 , ncs-1 , splA 2 , camk-1 , camk-2 , camk-3 , camk-4 , cmd , and cnb-1 play
oles in maintaining the normal circadian period length and/or
emper atur e compensation in N. crassa . Additionall y, expr ession
f the clock regulatory frq and wc-1 genes was altered in the Ca 2 + 

ignaling mutants that exhibited abnormal period length. 

aterials and methods 

trains, media, and growth conditions 

tr ains wer e obtained fr om the Fungal Genetics Stoc k Center
FGSC; Kansas State University, Manhattan, KS; McCluskey et al.
010 ) or generated in this study (Table S1). For v egetativ e gr owth,
tr ains wer e r outinel y cultur ed on V ogel’ s minimal medium N
VM; Vogel 1964 ) containing 1.5% D-glucose as a carbon source
nd 2% Bacto agar (Davis and De Serres 1970 ). VM was supple-
ented with calcium-D-pantothenate (CMS168-100GM, Himedia

aboratories, Mumbai, India) at a concentration of 0.5 mg/ml for
he growth of the pantothenic acid auxotrophic mutants ( pan-
 

−). For the cnb-1 RIP mutants, 50 μM bathocuproinedisulfonic acid
BCS; B1125-500 MG, Sigma–Aldrich, St. Louis, MO, USA) was added
o VM in addition to calcium-D-pantothenate. Cr osses wer e per-
ormed using the synthetic crossing medium (SCM; Westergaard
nd Mitchell 1947 ), containing 1.5% D-glucose and 2% Bacto agar.
scospor es pr oduced fr om the cr osses wer e germinated by heat
hock at 60 ◦C for 45 min on Petri dishes containing 0.05% fructose,
.05% glucose, 2% sorbose (FGS), and 2% Bacto agar, and individ-
al pr ogen y wer e isolated. We cr ossed the N. crassa Ca 2 + signal-

ng knoc k out m utants to the ras-1 bd m utant of opposite mating
ype and isolated pr ogen y carrying the knoc k out m utation for the
 espectiv e Ca 2 + signaling genes in the ras-1 bd bac kgr ound for vi-
ualization of circadian conidiation in race tubes (Table S1 and
upplementary Method). 

etermination of the period length, temperature 

ompensation, and real-time studies 

he medium containing 1X V ogel’ s salts, 0.17% L-arginine, 0.1%
-glucose, 50 ng/mL biotin, and 1.5% Bacto agar was used for the
ircadian conidiation assays in race tubes (Park and Lee 2004 ).
o determine the period length, N. crassa strains were inoculated
n one end of race tubes, incubated at 20, 25, or 30 ◦C for 24 h
nder constant light, and then shifted to constant darkness . T he
r owth fr ont was marked once per da y for 7 da ys under red safe
ight. The tubes were then moved to white light, and the posi-
ion of the conidial bands was marked. Period lengths were calcu-
ated by m ultipl ying the distance between conidial bands by the
nverse slope of growth front versus time ( http://www.fgsc.net/t
ac hing/circad.htm ). The Q 10 v alue was calculated using the for-
 ula: Q10 = ( R 2 R 1 ) 10 / ( T 2 − T 1 ) , wher e R 1 and R 2 ar e the fr equen-

ies of the period lengths (24/Period) at T 1 and T 2 temper atur es,
 espectiv el y (Lakin-Thomas 1998 , Sorek and Levy 2012 ). 

For real-time studies of RNA levels, ∼1 × 10 7 conidia from the
8 h plate cultures were inoculated in flasks containing 25 ml of
edium (without agar) used for the circadian conidiation assays

described above) and cultured at 125 rpm on rotary shakers in
ight at 20 or 25 ◦C (as indicated) for 2 h and then tr ansferr ed
o dark conditions (Aronson et al. 1994b ). The mycelia were har-
ested after 14 h in the dark, RN A w as isolated and quantitative
e v erse-Tr anscriptase PCR (qR T-PCR) w as performed (Gohain and
amuli 2019 ) to determine the expression of the frq , wc-1 , and β-
ubulin genes using the primer pairs, RT-FRQ-F and RT -FRQ-R, RT -

C-1-F and RT-WC-1-R, and q-B-tub-FW and q-B-tub-RV, respec-
iv el y. 

esults 

ultiple calcium signaling genes play a role in 

aintaining normal period length in N. crassa 

e determined the period lengths in the knoc k out m utants of N.
rassa Ca 2 + signaling genes and the ras-1 bd contr ol str ain (Table 1
nd Fig. 1 ). We determined the period length at three different
emper atur es (20, 25, and 30 ◦C) to test if the period length shows
emper atur e compensation over a physiological range of tempera-
ures . T he ras-1 bd strain, known as the band ( bd ) mutant, has a T79I
oint mutation in ras-1 and sho w ed a period length of ∼22.4 h at 25
C (Belden et al. 2007 ). The period length of the clock in the ras-1 bd

ontr ol str ain was gr eater at 20 ◦C compar ed to 25 and 30 ◦C (Table
 and Fig. 1 ; Gardner and Feldman 1981 ). We observed significantly
onger periods for the �camk-1 , 2 , 3 , and 4 mutants, particularly
t 25 and 30 ◦C, r elativ e to the ras-1 bd control (Table 1 and Fig. 1 ).

http://www.fgsc.net/teaching/circad.htm


Baruah et al. | 3 

F igure 1. Cir cadian period and period length in the N. crassa Ca 2 + signaling mutant strains. (A) Circadian-regulated conidiation in N. crassa . The 
indicated N. crassa strains (Table S1) were assayed for circadian-regulated conidiation at 20, 25, and 30 ◦C using race tubes . T he black lines show the 
gr owth fr ont, marked e v ery 24 h. The or ange gr o wth indicates the location of conidial bands. (B) P eriod lengths in N. crassa strains at 20, 25, and 30 ◦C. 
Str ains wer e inoculated on r ace tubes, and the cultur es wer e incubated at 25 ◦C in constant light for 24 h and then incubated at 20, 25, and 30 ◦C under 
constant darkness. Period lengths were calculated by m ultipl ying the distance between conidial bands by the inverse of the slope of the growth rate. 
Error bars show SDs calculated from the data for three independent experiments ( n = 3) with P values < 0.05 ( ∗) , < 0.01 ( ∗∗) , and < 0.001 ( ∗∗∗) r elativ e to 
the ras-1 bd strain as measured by a one-way ANOVA test. 
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Table 1. The period length of Ca 2 + signaling mutants at different temperatures. 

Strain name Period length (h) + 

20 ºC 25 ºC 30 ºC 

ras-1 bd (Control) 23.5 ± 0.1 22.0 ± 0.2 20.4 ± 0.1 
�mid-1 (5) 23.5 ± 0.1 21.5 ± 0.7 20.0 ± 0.2 ( ∗) 

�cpe-1 (74) 23.5 ± 0.3 21.3 ± 0.2 ( ∗∗) 19.6 ± 0.1 ( ∗∗∗) 

�plc-1 (60) 25.2 ± 0.1 ( ∗∗∗) 23.4 ± 0.2 ( ∗∗∗) 19.7 ± 0.2 ( ∗∗) 

�ncs-1 (11) 25.0 ± 0.2 ( ∗∗∗) 20.2 ± 0.2 ( ∗∗∗) 18.3 ± 0.1 ( ∗∗∗) 

�splA 2 (4) 23.3 ± 0.6 21.4 ± 0.2 ( ∗∗) 20.0 ± 0.3 
�camk-1 (12) 24.2 ± 0.1 ( ∗) 23.5 ± 0.7 ( ∗) 22.8 ± 0.3 ( ∗∗) 

�camk-2 (15) 24.1 ± 0.1 ( ∗) 23.2 ± 0.7 ( ∗) 22.9 ± 0.3 ( ∗∗) 

�camk-3 (22) 24.1 ± 0.3 23.5 ± 0.5 ( ∗) 22.8 ± 0.04 ( ∗∗) 

�camk-4 (31) 24.1 ± 0.2 23.6 ± 0.9 ( ∗) 22.8 ± 0.1 ( ∗∗∗) 

�cna-1 ; Cna-1 RIP (28–20) 23.5 ± 0.8 21.8 ± 0.5 19.7 ± 0.4 ( ∗) 

�cnb-1 ; cnb-1 RIP (599–1) 21.8 ± 0.3 ( ∗∗∗) 20.9 ± 0.4 ( ∗) 19.6 ± 0.6 ( ∗∗∗) 

�cnb-1 ; cnb-1 RIP (600–8) 21.5 ± 0.2 ( ∗∗∗) 20.5 ± 0.5 ( ∗) 19.5 ± 0.1 ( ∗∗∗) 

�cnb-1 ; cnb-1 RIP (602–82) 21.7 ± 0.5 ( ∗∗∗) 20.4 ± 0.2 ( ∗∗) 19.3 ± 0.1 ( ∗∗∗) 

�plc-1 ; �cpe-1 (3) 24.5 ± 0.3 ( ∗∗) 23.4 ± 0.3 ( ∗∗) 20.9 ± 0.1 ( ∗∗) 

�plc-1 ; �splA 2 (37) 24.3 ± 0.2 ( ∗∗) 23.5 ± 0.5 ( ∗∗) 20.8 ± 0.9 
�cpe-1 ; �splA 2 (73) 23.3 ± 0.4 ( ∗) 22.0 ± 0.3 20.1 ± 0.4 
cmd RIP (19) Not determined Not determined Not determined 

+ Results are shown as mean ± SD for three independent experiments ( n = 3) with P values < 0.05 ( ∗) , < 0.01 ( ∗∗) , and < 0.001 ( ∗∗∗) compared with the ras-1 bd strain as 
measured by a one-way ANOVA test. 
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he �cpe-1 mutant had a slightly shorter period length than the
as-1 bd control at 25 and 30 ◦C. The � plc-1 mutant sho w ed period
engthening at 20 and 25 ◦C, and slight shortening at 30 ◦C r elativ e
o the ras-1 bd strain. The �splA 2 mutant did not show significant
hanges in period length at either of the temperatures tested. Be-
ause plc-1 genetically interacts with cpe-1 and splA 2 in N. crassa
Barman and Tamuli 2017 ), we tested the effect of this interaction
n the period length. The �plc-1 ; �cpe-1 and �plc-1 ; �splA 2 dou-
le mutants sho w ed longer periods at 20 and 25 ◦C r elativ e to the
as-1 bd control; ho w ever, the �cpe-1 ; �splA 2 double mutant did not
xhibit any change in period length (Table 1 and Fig. 1 ). These re-
ults suggested that the plc-1 gene is epistatic to both cpe-1 and
plA 2 for the period length at 20 and 25 ◦C. 

The �ncs-1 mutant displayed a longer period at 20 ◦C, and a pe-
iod shortening at 25 and 30 ◦C (Table 1 and Fig. 1 ). The cnb-1 RIP 

 utants (Str ain #599, 600, and 602; Table S1) exhibited shorter
eriods at all temper atur es (Table 1 and Fig. 1 ). Ho w e v er, the Cna-
 

RIP did not exhibit a significant change in the period length (Ta-
le 1 and Fig. 1 ). Because the cmd RIP mutant (Strain #19; Table S1)
ho w ed se v er e gr owth r etardation, period length could not be de-
ermined in this mutant. 

oss of certain calcium signaling genes 

nfluences temper a ture compensa tion in N . 
rassa 

 he Q 10 value , which reflects the ratio of period lengths r elativ e to
 10 ◦C rise in temper atur e, is calculated using the formula Q10 =
 

R 2 
R 1 ) 10 / ( T 2 − T 1 ) , where R 1 and R 2 are the frequencies of period
engths at temper atur es T 1 and T 2 , r espectiv el y (Lakin-Thomas
998 , Sor ek and Le vy 2012 ). We used this equation to calculate Q 10 

alues for each strain, using all combinations of period lengths at
0, 25, and 30 ◦C (Table 2 ). 

The Q 10 v alue r anges fr om 0.8 to 1.2 for normal circadian
hythms (Mattern et al. 1982 , Sorek and Levy 2012 ). The Q 10 value
 anged fr om 0.8 to 1.2 for the str ains lac king cpe-1 , splA 2 , camk-1 ,
amk-2 , camk-3 , camk-4 , and cnb-1 , as well as for the Cna-1 RIP mu-
ant, indicating that the circadian clock was temper atur e com-
ensated in these mutants (Table 2 ). Ho w ever, the Q 10 value was
.41 for the �plc-1 mutant between 25 and 30 ◦C, and the Q 10 value
or the �ncs-1 mutant was 1.53 and 1.40 when comparing 20 and
5 ◦C and 20 and 30 ◦C, suggesting a partial loss of temper atur e
ompensation of the circadian clock in these two mutants in these
emper atur e r anges (Table 2 ). 

ranscription of frq and wc-1 was altered in 

ertain calcium signaling mutants that displa y ed 

 aria tion in period length 

he N. crassa circadian clock is regulated through the interaction
f three major genes frq , wc-1 , and wc-2 (Aronson et al. 1994a ,
994b , Cr osthwaite et al. 1997 ). Differ ences in period length are of-
en associated with the transcription of frq (Aronson et al. 1994a ).
n the nucleus, FRQ regulates the expression of its activators wc-1
nd wc-2 (Cheng et al. 2001 ). 

We performed quantitative Real-Time PCR (qRT-PCR) to mea-
ur e the expr ession of the fr q and wc-1 genes at 20 and 25 ◦C in
he strains showing period length and temperature compensation
henotypes. Tr anscript le v els of fr q and wc-1 wer e significantl y in-
reased at 20 ◦C and mar ginall y at 25 ◦C in the � plc-1 single and
plc-1 ; �cpe-1 and �plc-1 ; �splA 2 double m utants, temper atur es
t which these strains also had longer periods than the control
Fig. 2 A). The difference in frq expression levels was most strik-
ng, with more than a 2-fold increase in the �ncs-1 mutant at 20
C, but slightl y r educed expr ession at 25 ◦C (Fig. 2 B, upper panel).
n contrast, wc-1 transcript levels were normal in the �ncs-1 mu-
ant at both temper atur es (Fig. 2 B, lo w er panel). T hus , there was a
orrelation between frq expression and period length in the �ncs-
 mutant; this strain had a longer period at 20 ◦C but a shorter
eriod at 25 ◦C, r elativ e to the control. Although the strains lack-

ng the Ca 2 + /CaM dependent kinase genes camk-1 , camk-2 , camk-
 , and camk-4 had longer periods, we did not observe a significant
ifference in the frq and wc-1 transcript levels in these mutants
 elativ e to the control (Fig. 2 C). 
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Figure 2. Expression of frequency ( frq ) and white collar-1 ( wc-1 ) during circadian-regulated conidiation at 20 and 25 ◦C. RNA was isolated from the 
indicated groups of strains (A, B, and C) cultured under circadian-regulated conidiation conditions at 20 or 25 ◦C and the expression of the frq (upper 
panels) and wc-1 (lo w er panels) genes were determined using qRT-PCR with three biological replicates for each strain. The relative expression of each 
gene was normalized to the expression of the β-tubulin gene, and expression values were compared with those in the ras-1 bd control strain. Error bars 
indicate SDs calculated from the data for three independent experiments ( n = 3) with P values < 0.05 ( ∗) , < 0.01 ( ∗∗) , and < 0.001 ( ∗∗∗) r elativ e to the 
ras-1 bd strain as measured by a one-way ANOVA test. 
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Table 2. Q 10 values of the Ca 2 + signaling mutants. 

Strain name Q 10 values + , ∧ 

T 1 = 20 ºC, T 2 = 25 
ºC 

(P 20ºC and P 25ºC ) 

T 1 = 25 ºC, T 2 = 30 
ºC 

(P 25ºC and P 30ºC ) 

T 1 = 20 ºC, T 2 = 30 
ºC 

(P 20ºC and P 30ºC ) 

ras-1 bd (Control) 1.14 (23.5 and 22.0) 1.16 (22.0 and 20.4) 1.15 (23.5 and 20.4) 
�mid-1 (5) 1.19 (23.5 and 21.5) 1.16 (21.5 and 20.0) 1.17 (23.5 and 20.0) 
�cpe-1 (74) 1.22 (23.5 and 21.3) 1.18 (21.3 and 19.6) 1.20 (23.5 and 19.6) 
�plc-1 (60) 1.16 (25.2 and 23.4) 1.41 (23.4 and 19.7) 1.28 (25.2 and 19.7) 
�ncs-1 (11) 1.53 (25.0 and 20.2) 1.22 (20.2 and 18.3) 1.40 (25.0 and 18.3) 
�splA 2 (4) 1.18 (23.3 and 21.4) 1.14 (21.4 and 20.0) 1.20 (23.3 and 20.0) 
�camk-1 (12) 1.06 (24.2 and 23.5) 1.06 (23.5 and 22.8) 1.06 (24.2 and 22.8) 
�camk-2 (15) 1.08 (24.1 and 23.2) 1.02 (23.2 and 22.9) 1.05 (24.1 and 22.9) 
�camk-3 (22) 1.05 (24.1 and 23.5) 1.06 (23.5 and 22.8) 1.06 (24.1 and 22.8) 
�camk-4 (31) 1.04 (24.1 and 23.6) 1.07 (23.6 and 22.8) 1.06 (24.1 and 22.8) 
�cna-1 ; Cna-1 RIP (28–20) 1.16 (23.5 and 21.8) 1.22 (21.8 and 19.7) 1.19 (23.5 and 19.7) 
�cnb-1 ; cnb-1 RIP (599–1) 1.09 (21.8 and 20.9) 1.14 (20.9 and 19.6) 1.11 (21.8 and 19.6) 
�cnb-1 ; cnb-1 RIP (600–8) 1.10 (21.5 and 20.5) 1.10 (20.5 and 19.5) 1.10 (21.5 and 19.5) 
�cnb-1 ; cnb-1 RIP (602–82) 1.13 (21.7 and 20.4) 1.12 (20.4 and 19.3) 1.12 (21.7 and 19.3) 
�plc-1 ; �cpe-1 (3) 1.10 (24.5 and 23.4) 1.25 (23.4 and 20.9) 1.17 (24.5 and 20.9) 
�plc-1 ; �splA 2 (37) 1.07 (24.3 and 23.5) 1.28 (23.5 and 20.8) 1.17 (24.3 and 20.8) 
�cpe-1 ; �splA 2 (73) 1.12 (23.3 and 22.0) 1.20 (22.0 and 20.1) 1.16 (23.3 and 20.1) 
cmd RIP (19) Notdetermined Notdetermined Notdetermined 

+ The related period lengths for the calculated Q 10 values are given in parentheses. 
∧ 
Q 10 values marked in bold suggest partial loss of temperature compensation. 
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e investigated the circadian-regulated period length for se v er al
. crassa Ca 2 + signaling mutants at three different temperatures

20, 25, and 30 ◦C). The � camk-1 , 2 , 3 , and 4 mutants sho w ed pe-
iod lengthening (Table 1 and Fig. 1 ). A longer period phenotype
as been pr e viousl y r eported for a �camk-1 mutant strain (Yang
t al. 2001 ). The �cpe-1 mutant displayed a slightly shorter pe-
iod length than the control at 25 and 30 ◦C. The � plc-1 mutant
ho w ed a slight period shortening at 30 ◦C. Ho w e v er, the � plc-
 mutant sho w ed significant period lengthening at 20 and 25 ◦C.
he � plc-1 ; �cpe-1 and �plc-1 ; �splA 2 double mutants displayed

onger periods at 20 and 25 ◦C; ho w e v er, period length in the �
pe-1 ; �splA 2 double mutant was like the ras-1 bd control (Table 1
nd Fig. 1 ). These results suggested that plc-1 genetically inter-
cts with cpe-1 and splA 2 to regulate circadian period length in N.
rassa . Pr e viousl y, the genetic interactions of plc-1 , cpe-1 , and splA 2 

ere also found to regulate asexual and sexual developments in
. crassa (Barman and Tamuli 2017 ). In addition, the Q 10 value was
.41 for the �plc-1 mutant (T 1 = 25 ºC, T 2 = 30 ºC), and 1.53 and
.40 for the � ncs-1 mutant (T 1 = 20 ºC, T 2 = 25 ºC; and T 1 = 20
C, T 2 = 30 ºC), suggesting a partial loss of temper atur e compen-
ation of circadian clock in these mutants under the temperature
onditions tested (Table 2 ). In addition to an increased Q 10 value,
he �plc-1 and �ncs-1 mutants also appeared to have an increased
r owth r ate, as e vident fr om the dail y markings on the race tubes
Fig. 1 A), and this could be due to difference in the media composi-
ion and the conditions used for the circadian-regulated conidia-
ion assays compared to the routine cultures using VM (described
n the "Materials and Methods" section). Ho w e v er, � ncs-1 displays
 slow growth phenotype (Deka et al. 2011 ), and �plc-1 grows like
he wild type (Barman and Tamuli 2015 ) when standard VM and
r owth conditions ar e used. In N. crassa , fr q 7 , a long-period m u-
ant, also sho w ed an increased period and a larger Q 10 value with
artial loss of temper atur e compensation (Gardner and Feldman
981 , Ruoff et al. 2005 ). 
a  
We also determined the expression of the circadian regula-
ors frq and wc-1 under two different temperatures . T he transcript
e v els of the frq and wc-1 genes were increased > 2-fold in the
plc-1 single, and �plc-1 ; �cpe-1 and �plc-1 ; �splA 2 double mu-

ants at 20 ◦C (Fig. 2 A). The membrane-bound phosphoinositide-
pecific phospholipase C (PLC) hydr ol yzes phosphatidylinositol 4,
-bisphosphate (PIP 2 ) to inositol 1,4,5-trisphosphate (IP 3 ) and di-
cylgl ycer ol (DAG), inducing the release of intracellular Ca 2 + and
ctivation of protein kinase C (PKC), respectively (Rhee and Bae
997 ). The N. crassa PKC is a regulator of light-responsive genes
Arpaia et al. 1999 ), and most of the light r esponses ar e r egulated
y modulating the blue light photoreceptor WC-1 (Fr anc hi et al.
005 ). In addition, PKC phosphorylates WC-1 in vitro (Fr anc hi et
l. 2005 ), and hyperphosphorylated WC-1 cannot bind to the frq
romoter to drive its transcription (He and Liu 2005 ). The unphos-
horylated WC-1 could efficiently bind to the fr q pr omoter, leading
o higher expression of frq mRNA (Fig. 3 ). Moreover, the transcrip-
ion of wc-1 is autoregulated by either light-induction or transcript
tabilization processes (Ballario et al. 1996 ). Moreover, activation
f PKC significantl y decr eases both fr q and wc-1 at the tr anscrip-
ional and protein levels (Franchi et al. 2005 ), and endogenous
AG le v els in N. crassa sho w cir cadian oscillation (Ramsdale and
akin-T homas 2000 ). T hese results suggested that loss of PLC-1
ight lo w er DAG le v els, causing PKC to r emain in an inactiv e state

hat cannot phosphorylate WC-1; this could be a possible mecha-
ism of increased expression of frq in the �plc-1 mutant compared
o the ras-1 bd strain (Fig. 2 A, upper panel). 

T he abo ve model is supported by the longer period length and
igher expression of frq and wc-1 mRNA observed in the �plc-1
ingle and �plc-1 ; �cpe-1 and �plc-1 ; �splA 2 double mutants, par-
icularly at 20 ◦C. The cpe-1 gene encodes for a Ca 2 + /H 

+ exchanger,
nd this family of proteins family plays a role in controlling the
 esting le v el of [Ca 2 + ] c , by transporting Ca 2 + out of the cells and
nto intr acellular Ca 2 + stor es in exc hange for mov ement of H 

+

ons acr oss membr anes (Zelter et al. 2004 , Tam uli et al. 2013 ). In
ddition, the sPLA 2 enzyme catalyzes Ca 2 + -dependent hydr ol y-
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F igure 3. Model sho wing the role of PLC-1 in cir cadian-r egulated conidiation. (A) PLC-1 r egulates FRQ and WC-1 in the wild type str ain. PLC-1 
hydr ol yzes PIP 2 to produce two essential second messengers, IP 3 and DA G . IP 3 causes Ca 2 + r elease fr om the intr acellular stor es, and DAG activ ates PKC 

(Rhee and Bae 1997 ). PKC modulates the blue light photoreceptor WC-1 to control the light-responsive genes in N. crassa (Arpaia et al. 1999 ), and frq 
expr ession (Fr anc hi et al. 2005 ). Down-regulation of PKC abolishes its effect on WC-1, causing increased wc-1 mRNA expression and enhanced stability 
of the WC-1 protein (Franchi et al. 2005 ). In addition, the tr anscription of wc-1 is autor egulated (Ballario et al. 1996 ). When activated, PKC interacts 
with the WCC complex and phosphorylates it. The hyperphosphorylated WCC complex cannot bind to the frq promoter to drive its expression 
(Aronson et al. 1994b , Wang et al. 2019 ), but a fall of the FRQ protein below a critical level reactivates frq transcription (Garceau et al. 1997 , Liu and 
Bell-Pedersen 2006 ). FRQ also positiv el y r egulates the WC-1 pr otein le v el (Cheng et al. 2001 ). These mec hanisms ar e essential for the normal circadian 
clock in N. crassa . (B) The effect of the plc-1 deletion mutation on the regulation of FRQ and WC-1. We propose that the deletion of plc-1 may negatively 
affect DAG le v els, causing PKC to remain in an inactive state. Inactive PKC cannot phosphorylate the WCC complex, resulting in increased expression 
of frq and wc-1 in the �plc-1 single and double mutants compared to the wild type control strain. 
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sis of the sn 2 ester linkage of glycerophospholipids to release free 
fatty acids (FFAs) and 1-acyl-lysophospholipid (1-acyl-LPL), that 
can both act as potential signaling molecules to regulate various 
biological functions (Dennis et al. 2011 ). 

We observed that the frq transcript level in the �ncs-1 mutant 
was increased > 2-fold relative to the ras-1 bd at 20 ◦C. NCS-1 re- 
sponds to the increased intracellular Ca 2 + levels and plays a role 
in maintaining Ca 2 + homeostasis and tolerance to high concen- 
trations of Ca 2 + (Deka et al. 2011 , Gohain and Tamuli 2019 ). En- 
vir onmental str ess, including low temper atur e, can r esult in in- 
cr eased intr acellular Ca 2 + le v els (Chinn usam y et al. 2007 ). In ad- 
dition, the increase of intracellular Ca 2 + due to the loss of NCA- 
2 causes phosphorylation of FRQ and decreased period length 

in N. crassa (Wang et al. 2021 ). Because 30 ◦C is the ambient 
gr owth temper atur e of N. crassa , 20 ◦C may act as a stress con- 
dition that might cause an increase in the intracellular Ca 2 + lev- 
els . T hus , Ca 2 + homeostasis at low temper atur es might be dis- 
rupted in the �ncs-1 mutant. The calcineurin pathway is acti- 
v ated in r esponse to high concentr ations of Ca 2 + in N. crassa (Go- 
hain and Tamuli 2019 , Kumar et al. 2019 , Roy and Tamuli 2022 
). A tr ansient incr ease in Ca 2 + le v el at 20 ◦C might activate the 
calcineurin pathway and cause nuclear localization of WC-1 for 
the upregulation of the frq transcript in the �ncs-1 mutant, re- 
sulting in lengthening of the period length in the mutant (Ta- 
ble 1 and Fig. 2 B). In addition, intracellular Ca 2 + induces tran- 
scription of the circadian-related period 1 and 2 ( m Per1 and m Per2) 
enes via MAP kinase pathways in mouse NIH3T3 cells (Oh-
ashi et al. 2002 ). In mammals, a Ca 2 + flux is r equir ed for main-
aining circadian rhythmicity in the hypothalamic SCN (Lund- 
vist et al. 2005 ). In Arabidopsis thaliana and Nicotiana benthami-
na , cytosolic free Ca 2 + exhibits a rhythmic oscillation that re-
ays signals relating to the circadian clock (Dodd et al. 2005 ). In
ddition, Ca 2 + also plays a role in the regulation of the circa-
ian rhythm and clock gene expression in Euglena (Goto et al.
985 ), mollusks (Khalsa et al. 1993 ), and insects (Harrisingh et al.
007 ). 

Calcineurin (CNA-1) is the only serine/threonine protein phos- 
hatase that r equir es Ca 2 + /CaM for its activity (Klee et al. 1979 ).
n response to increased [Ca 2 + ] c , Ca 2 + binds to CaM and CNB-
, whic h then activ ate CNA-1 for dephosphorylation of target
ranscription factors to induce expression of target genes (Rumi- 
asante et al. 2012 , Roy and Tamuli 2022 ). CaM is r equir ed to acti-
 ate pr otein kinases and might be involv ed in the signal tr ansduc-
ion from light-perceiving components to the N. crassa circadian 

lock (Sadakane and Nakashima 1996 ). In N. crassa , CNB-1 binds
o the calcineurin-dependent response element (CDRE), possibly 
o r egulate tar get gene expr ession (Kumar et al. 2006 ). It is con-
eivable that the CNB-1 RIP protein also has low affinity for the frq
romoter, causing low levels of frq transcript (Fig. 2 B). Ho w ever,
o direct genetic interaction could be established between these 
enes and wc-1 , as wc-1 expression was not significantly different
rom the control under any condition. 
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The strains lacking the Ca 2 + /CaM dependent kinase genes
amk-1 , camk-2 , camk-3 , and camk-4 had longer periods, but we did
ot observ e an y c hange in the le v el of fr q and wc-1 tr anscripts

n these mutants (Fig. 2 C). In a previous study, Ca 2 + /CaMK-1 was
hown to phosphorylate FRQ in vitro , and a knoc k out m utant of
amk-1 was found to affect the phase, period, and phase-shifting
f the N. crassa circadian clock (Yang et al. 2001 ). Mor eov er, certain
rq phosphorylation sites and camk-2 were shown to be epistatic
o nca-2 (Wang et al. 2021 ). Another protein, casein kinase-2 (CK-
), also dir ectl y phosphorylates FRQ and plays a role in circadian
emper atur e compensation in N. crassa (Mehra et al. 2009 ). Our
esults suggested that Ca 2 + /CaMKs are not involved in regulat-
ng the expression of the frq gene . T he increased period length
bserved in these mutants might result from insufficient phos-
horylation and/or a longer time to phosphorylate FRQ before it

s ubiquitinated. 
In conclusion, similar to the long-period m utant fr q 7 (Ruoff et

l. 2005 ), a partial loss of temper atur e compensation was observed
n the �plc-1 and �ncs-1 mutants . T he frq and wc-1 transcript lev-
ls wer e incr eased in the �plc-1 , �plc-1 ; �cpe-1 , and �plc-1 ; �splA 2 

utants at 20 ◦C, suggesting that plc-1 plays a role in the circadian
eriod length by regulating the expression of frq and wc-1 . In addi-
ion, the fr q tr anscript le v el was also incr eased in the �ncs-1 mu-
ant at 20 ◦C, suggesting that ncs-1 regulates the frq transcription
ia a mechanism yet to be identified. Further studies will estab-
ish the detailed molecular pathways used by these Ca 2 + signaling
enes to regulate circadian period length in N. crassa . 
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