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Physiological responses of Chlamydomonas nivalis to cyclic
temperature fluctuation and the adaptation mechanism
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Abstract: [Objective] Chlamydomonas nivalis thrives in polar regions and snowfields of high
mountains. C. nivalis is characterized by tolerance to cold and drastic temperature fluctuation.
However, the mechanism underlying this tolerance is unknown. [Methods] On the basis of
physiological responses of C. nivalis to cyclic temperature fluctuation, we selected 10 sampling
times for RNA sequencing. The weighted gene co-expression network analysis (WGCNA)
yielded 17 modules, and we picked up 5 modules that were significantly associated with the
sample treatment. Then we analyzed the differentially expressed genes under cyclic
temperature fluctuation. The selected gene sets were analyzed by functional annotation.
[Results] The gene expression on C. nivalis remarkably changed under cyclic temperature
fluctuation. Genes coding key enzymes in fructose and mannose metabolism, starch and
sucrose metabolism, glutathione metabolism, ascorbate and aldehyde acid metabolism
pathways were up-regulated at 4 °C. We also found that protein quality control system,
photosynthesis system, DNA damage and repair system may play important roles in adaptation
to temperature fluctuation. [Conclusion] This study provides important clues to unravel the
molecular mechanism of C. mivalis in adaptation to temperature stress and enriches
stress-resistant gene resources.
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Figure 1 Physiological responses of Chlamydomonas nivalis to cyclic temperature fluctuation. A: Growth

curves of C. nivalis. B: Growth rate of C. nivalis. C: The maximum quantum yield of PSII chemistry of C.
nivalis. D: The Chlorophyll a/b ratios of C. nivalis. E: The carotenoids contents (pg/cell) of C. nivalis. F:
Comparison between culture states of C. nivalis at 4 °C and 22 °C. Values: Mean+SD (n=3).
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Figure 2 Transcriptome of Chlamydomonas nivalis under cyclic temperature fluctuation. A: Schematic of
sampling for RNA-seq. B: Principal component analysis of transcriptomes. C: Gene expression heatmap. 1:
Initial phase at 22 °C; 2: Log phase at 22 °C; 3: Stationary phase at 22 °C; 4: After 1 h at 4 °C; 5: Latent
phase at 4 °C; 6: Log phase at 4 °C; 7: Stationary phase at 4 °C; 8: After 1 h at 22 °C; 9: Log phase at 22 °C;

10: Stationary phase at 22 °C.
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Figure 3 Genes expression heatmap of key pathways. A: Fructose and mannose metabolism pathway. B:
Starch and sucrose metabolism pathway. C: Glutathione metabolism pathway. D: Ascorbate and aldarate
metabolism pathway. 1: Initial phase at 22 °C; 2: Log phase at 22 °C; 3: Stationary phase at 22 °C; 4: After 1
h at 4 °C; 5: Latent phase at 4 °C; 6: Log phase at 4 °C; 7: Stationary phase at 4 °C; 8: After 1 h at 22 °C; 9:

Log phase at 22 °C; 10: Stationary phase at 22 °C.
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Figure 4 Soft threshold determination of gene
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Figure 5 Correlation heatmap of gene co-expression network module and different samples. 1: Initial phase
at 22 °C; 2: Log phase at 22 °C; 3: Stationary phase at 22 °C; 4: After 1 h at 4 °C; 5: Latent phase at 4 °C; 6:
Log phase at 4 °C; 7: Stationary phase at 4 °C; 8: After 1 h at 22 °C; 9: Log phase at 22 °C; 10: Stationary
phase at 22 °C.

http://journals.im.ac.cn/actamicrocn



1196

WANG Xinya et al. | Acta Microbiologica Sinica, 2023, 63(3)

salmon MM, MKl R L GHAMMHLIM:, HLf
93 AHEEPIFAZES, izt Scaffold022.
g01180 K& K 4 & 31| i 1k / 48R JiE - 27 - B2 Jié (basic/
helix-loop-helix, bHLH), iX J& — > 5 % [ % 5%
%0, R THEYAERKES A0 5
18 DL AR 5 A% 5 45 7 1R 2 B PR DY
B 6A BTz, ik i i M (weight {H)>0.2 By
BT e AT I o 24 A o R A% 0 B PR i
i PR A R 25 2 B, 7E salmon BEH 4k
F 15 AN iz 5 N7l BT LR
3 2 X K S A HEA T D RE T R A br, BRI )
AE EL 54 YIRNBERR IR . 5 AR
MR R 10 5 iDL Sz 3R 8 I B AR A DG . I
Ah, yellow HEH A EL P RIA W SR 1 h /Y
FEAC S P) A K o B B £y (module membership,
KME )R 5 — A 5 A 78 A AR A op (9 3k A8 fk
A5 AN AR B R F (B A A O | SR Al X A
FEFEXNEES R &0 . DL KME Hf8hx,
TR VE T 10%0 56 AT D se e B by, 45 2R
R EEL N FZ 25 RNA 455 M AHCEH
P PR AL A, X S ET AR S
AHAFI ) B H b Scaffold001.g14040 PR 1 B
2| T cupin FE AR ER G, XJE—TH 61
BHTE R Al AR S, ditatee B 2 AT
W, TR S R T B A R,
Al DL T R Y. AR g R R IR
B 1 h N, TAREET 25 RNA $if
T T ST T A R R A AR DG A
Fik L

Hk, BT IRERES 4°C FHKEF
1A A i S ] T R AT A3k B A g e, A
W O T 45 AR K i T (5) v B R OC Y Ak PR A
He, BI turquoise itk A5 5 544 AFEHIHF]
turquoise BN, A T LML /R i At
B TRE, XHIZEEE b i 3L B 8 ] Mapman %X

<l actamicro@im.ac.cn, & 010-64807516

W PE AT T OB BT Ha 7 & S5, &l
6B [z, Al LIE B b 5RE T A KA
ST A DG A R DY) 32 A B R A A R G
BB S, Ui HE R Al (ribosome biogenesis) |
HiI & RNA 59 4] (pre-RNA splicing) . %4 Bt -tRNA
B (aminoacyl-tRNA synthetase activities),
B 15 4R (translation initiation)%§ ; 6 1 B2
PRI 2 BT IR i & 1) T 45 i & 58 (protein
quality control); 53 &Pk i B 5 41 g J&] 191 8 42
R0 5T v A5 R L 2R DGR K, 40 DNA
& il (DNA replication) . il ffd J& 3 4 21 (cell
cycle organization) . 1 # H ¥ 15 1% P£ (histone
chaperone activities),

h Y R 2R T AEEAE AR IR A A5
(SFXT TRIEMRA R 1 h (HFCh s, 3
ITEE XT3 P A B[] 5 7 SRA 1Y) 25 S 3R G 1
B o T ACHE AR AR A L TARIR e 1 h A
5503 MEEN KA T 22530k, Hirp 2 521 3%
kiR AT LR, 2 982 N KRB R A
TN ARFTRE, A SRR S B A )
AR s AR RS, IR, IR N s fe
FTAERR AL AT AT BOCH 2L, ik 2 fiy
7, AR AR R A5 I 0 25 A R ) R 5
2. SRR KRR EH S S DNA B @it
A BE BRI X A A T 3638 B, GAh, nEl 6C
1 6D Frs(Eh KEGG Mk 22, 7k T
AR, SREEE TCEERRSE, T
PTG A ARG SO S R A OG5k
Ik [ A IS I sk R P R OCEERE I, T
T -3- Wk 18R i =i (glyceraldehyde-3-phosphate
dehydrogenase, GAPDH)7EAR I T W& AR WIAH LL T
LA WYk B EIRE] 282% (P<0.05), 5%
B T B -1,7- % 2 T 4 i JE A (sedoheptulose-
1,7-bisphosphatase, SBPase) ] 3 ik &= I+ 74 3]
246% (P<0.05).



EHWE | WA, 2023, 63(3) 1197

A Sigma factor PP2C-like phosphatase B
Scaff 2P . Protein biosynthesis/Ribosome biogensis f d
RNA processing/Pre-RNA splicing |
Cellular o (;O‘mt
Respiration/Oxidative phosphorylation - [ ) P4 %(5)
Cell division/DNA replication | ) @75
Cell division/Cell cycle organisation - [ ] . 100
. . Sea Protein biosynthesis/Aminoacyl-tRNA | PY
cAMP bios proce ) synthetase activities .adjust
p-adj
Protein homeostasis/Protein quality | ®
control
Protein biosynthesis/Translation | @ 0.002
initiation
Protein translocation/Mitochondrion [ @ 0.004
Chromatin organisation/Histone | o 0.006
chaperone activities

0.010.020.03 0.04 0.05
Gene ratio

Light-harvesting chlorop hyllprotein complex
(plant, green alga)
hv hv. hv  hy
N N

N N AN N
>~ Lhca2 >~

hy
N

\_(the mosynechococeus
N\,

Lhca4

Chloroplast

gL

Photosystem | LHCI

€ (the mosynechococcus
elongatus)

LHCIT

Photosystem II

{Photosynthesis,
Photosystem II . . .
DI D2 opd3 cpd7  cytbsso Cytochrome b6/f complex Light-harvesting chlorophyll protein complex (LHC)
[PsbA T PsbD[ PsbC [ PsbB [ PsbE [ PsbE ] [PetB TPetD [PetA | PetC[ PerL[ PetM [ PetN | PetG] Lhcal Lhca2 Lhca3 Lhcad4 Lhcas

MSP OEC

[PSbL [ PsbJ [ PsbK [ PsbM] Psbi] Psbl JZEre) PsbP] Photosynthetic electron lmnspor;
Ps| PsbW ] vt 3
T T e I Licb1 Lhcb2 [N Lhcb4 Lhcbs I Liic7
Photosystem [ F-type ATPase
TN PsoD Psak Psak BT Pualt e Ttpn e et epaton] s+ T 5] Unchanged
[ Psal [ Psal [ITANOTIN PsaM] PsaN 2N PsaX |
00195 7/2/20 [ Down-regulated

() Kanchisa laboratories

6 HEINEESR
Figure 6 Genes function analysis. A: Genes co-expression network of bHLH in salmon module. B: Bubble
diagram for Mapman enrichment analysis of the turquoise module. C: Adjustment of photosynthesis at latent
phase. D: Adjustment of light-harvesting chlorophyll protein complex at latent phase. PsbA: Photosystem I
P680 reaction center D1 protein; PsbD: Photosystem II P680 reaction center D2 protein; PsbC: Photosystem
I CP43 chlorophyll apoprotein; PsbB: Photosystem II CP47 chlorophyll apoprotein; PsbE: Photosystem I
cytochrome b559 subunit alpha; PsbF: Photosystem [ II cytochrome b559 subunit beta; PsbL: Photosystem
II PsbL protein; PsbJ: Photosystem II PsbJ protein; PsbK: Photosystem II PsbK protein; PsbM:
Photosystem Il PsbM protein; PsbH: Photosystem II PsbH protein; Psbl: Photosystem II Psbl protein; PsbO:
Photosystem Il oxygen-evolving enhancer protein 1; PsbP: Photosystem II oxygen-evolving enhancer
protein 2; PsbQ: Photosystem II oxygen-evolving enhancer protein 3; PsbR: Photosystem II 10 kDa protein;
PsbS: Photosystem II 22 kDa protein; PsbT: Photosystem II PsbT protein; PsbU: Photosystem II PsbU
protein; PsbV: Photosystem II cytochrome ¢550; PsbW: Photosystem Il PsbW protein; PsbX: Photosystem
II PsbX protein; PsbY: Photosystem II PsbY protein; PsbZ: Photosystem II PsbZ protein; Psb27:
Photosystem II Psb27 protein; Psb28: Photosystem II 13 kDa protein; Psb28-2: Photosystem II Psb28-2
protein; PsaA: Photosystem [ P700 chlorophyll a apoprotein Al; PsaB: Photosystem I P700 chlorophyll a
apoprotein A2; PsaC: Photosystem I subunit VII; PsaD: Photosystem [ subunit II; PsaE: Photosystem
subunit IV; PsaF: Photosystem [ subunit III; PsaG: Photosystem I subunit V; PsaH: Photosystem
subunit VI; Psal: Photosystem [ subunit VII; PsaJ: Photosystem I subunit IX; PsaK: Photosystem
subunit X; Psal: Photosystem I subunit XI; PsaM: Photosystem I subunit XI; PsaN: Photosystem

—_— — — —
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subunit PsaN; PsaO: Photosystem [ subunit PsaO; PsaX: Photosystem I 4.8 kDa protein; PetB:
Cytochrome b6; PetD: Cytochrome b6-f complex subunit 4; PetA: Apocytochrome f; PetC: Cytochrome b6-f
complex iron-sulfur subunit; PetL: Cytochrome b6-f complex subunit 6; PetM: Cytochrome b6-f complex
subunit 7; PetN: Cytochrome b6-f complex subunit 8; PetG: Cytochrome b6-f complex subunit 5; PetE:
Plastocyanin; PetF: Ferredoxin; PetH: Ferredoxin--NADP+ reductase; Pet]: Cytochrome c6; beta: F-type
H'/Na'-transporting ATPase subunit beta; alpha: F-type H'/Na -transporting ATPase subunit alpha; gamma:
F-type H'-transporting ATPase subunit gamma; delta: F-type H -transporting ATPase subunit delta; epsilon:
F-type H'-transporting ATPase subunit epsilon; ¢: F-type H'-transporting ATPase subunit c; a: F-type
H'-transporting ATPase subunit a; b: F-type H'-transporting ATPase subunit b; Lhcal: Light-harvesting
complex [ chlorophyll a/b binding protein 1; Lhca2: Light-harvesting complex [ chlorophyll a/b binding
protein 2; Lhca3: Light-harvesting complex [ chlorophyll a/b binding protein 3; Lhca4: Light-harvesting
complex [ chlorophyll a/b binding protein 4; Lhca5: Light-harvesting complex [ chlorophyll a/b binding
protein 5; Lhebl: Light-harvesting complex II chlorophyll a/b binding protein 1; Lheb2: Light-harvesting
complex II chlorophyll a/b binding protein 2; Lhcb3: Light-harvesting complex II chlorophyll a/b binding
protein 3; Lhcb4: Light-harvesting complex II chlorophyll a/b binding protein 4; Lhcb5: Light-harvesting
complex II chlorophyll a/b binding protein 5; Lhcb6: Light-harvesting complex II chlorophyll a/b binding
protein 6; Lhcb7: Light-harvesting complex I chlorophyll a/b binding protein 7.

Ba, AR TR E H 4 cCHFF] 22°C AT ERERL, H 940 N3 HEF R LA,
Wf, BRI ELESE . fimE 1 665 NI ERE T, APk T HPE
FAEFE PR A R R, FARMAARERTI SR e AR ENE 20 NERE T T I ERE
AL st S R BN, SAEAE B, Wk 3 pios, s se I 3228 5 [l ik
4 °CH#%3 22 °CHF, A 1605 MR E MR KL,

2 EEBETEKEFHAENTIKEME 1 h DNA BRIGEEHXERNRET L
Table 2 Expression changes of DNA damage and repair genes compared latent phase at 4 °C with one hour
cold shock

Gene ID log, (fold change) Pathway Function

Scaffold008.g26140 3.49 Mismatch repair PMS2; DNA mismatch repair protein PMS2

Scaffold018.g08000 1.96 Mismatch repair MSH3; DNA mismatch repair protein MSH3

Scaffold004.g34020 1.67 Mismatch repair MSH2; DNA mismatch repair protein MSH2

Scaffold007.g48150 1.63 Mismatch repair MLH1; DNA mismatch repair protein MLH1

Scaffold014.g58030 1.29 Mismatch repair MSHG6; DNA mismatch repair protein MSH6

Scaffold019.g39100 2.07 Base excision repair mutY; A/G-specific adenine glycosylase
[EC:3.2.2.31]

Scaffold014.g29210 1.32 Base excision repair mutM, fpg; formamidopyrimidine-DNA glycosylase
[EC:3.2.2.23 4.2.99.18]

Scaffold021.g07170 1.22 Base excision repair APEX2; AP endonuclease 2 [EC:4.2.99.18]

Scaffold001.g92090 1.00 Base excision repair UNG, UDG; uracil-DNA glycosylase [EC:3.2.2.27]

Scaffold002.g05190 3.47 Homologous recombination BARD1; BRCA1l-associated RING domain protein 1

Scaffold014.g34230 2.51 Homologous recombination MUSS81; crossover junction endonuclease MUS81
[EC:3.1.22.-]

Scaffold007.g70030 2.25 Homologous recombination RADS54B; DNA repair and recombination protein
RADS54B [EC:5.6.2.-]

Scaffold008.g31150 2.06 Homologous recombination BRIP1, BACHI1, FANCJ; fanconi anemia group J
protein [EC:5.6.2.3]

Scaffold003.g26040 1.14 Homologous recombination RADS51; DNA repair protein RADS1

Scaffold011.g32080 1.05 Homologous recombination rec; recombination protein RecA
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Table 3 The top 20 up-regulated genes of Chlamydomonas nivalis transferred from 4 °C to 22 °C

Gene ID log, (fold change) Function

Scaffold005.g35100 6.29 Fructose-1,6-bisphosphatase
Scaffold003.g25150 6.25 Phosphoenolpyruvate phosphomutase
Scaffold013.g51060 6.25 NA

Scaffold020.g61210 6.13 Belongs to the malate synthase family
Scaffold013.g53090 5.13 Belongs to the pirin family
Scaffold024.g31030 4.77 Phosphoglycerate mutase
Scaffold006.g38210 4.76 Procollagen-proline 4-dioxygenase activity
Scaffold015.g56000 4.72 NA

Scaffold017.g24130 4.57 Zinc finger CCCH domain-containing protein
Scaffold039.200240 4.52 Belongs to the multicopper oxidase family
Scaffold017.g15090 4.48 L-threonylcarbamoyladenylate synthase
Scaffold013.g36170 4.43 NA

Scaffold002.g39070 4.19 NA

Scaffold030.g07000 4.07 NA

Scaffold030.g07040 3.97 NA

Scaffold030.g07020 3.93 NA

Scaffold011.g67180 3.73 NA

Scaffold024.g45040 3.56 NA

Scaffold008.g27380 3.50 Belongs to the Glu Leu Phe Val dehydrogenases family
Scaffold019.g29040 3.49 Phosphoenolpyruvate carboxykinase

NA: Not available.
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Figure 7 Overview of temperature fluctuation adaptation mechanism on Chlamydomonas nivalis.

il & ZAERERY, TACEOL A1 R S8 RO

U YR B T B 25 B B A LA 4R R v 2
FREHEAT T CRAA L R, IR

T A 2% 3R (chlorophyll) a/b fEAIZEH] %
MRS LT, X5aT AN g R -8,
I H, FAREAACE TV G B IH A8 65 4 R85
T2 E a/b {H, M 4 °C KR 1R 22 °C
M EARBIZME S TR, FRATHEIRR B AT
S U O R ) SR IR XA &
St . xR GRS -8, R
TRBEFOCEVE RS THHOE R A R F
KT, AN, RIE T AR A K Y
B, SACHE PR A M D R S i B
WEHA S B N 287 T A 3 3 I I T 26 40 0
FIEBAEH ., K0 P RE - REEMIRHETE

P4 actamicro@im.ac.cn, & 010-64807516

GRMBFR, FEAEY) P RA TR R 4
RZ A BIIIRER T, O TR IR ) A DGR

FLRR, KW N RAELR BRI PR B
TEFWL e B Y R FE K ),
e L AE 5 32 3305 855 96 45 4 Ff A ] 1N
RIREN o AEBAR TR, BATHED Ty A< 5 it
LR SANEINE R e (I b SIS A
A

ST AT AT BRI T A RS 2
RS0 B 4t P9 G I A R g R A, AT
L, R PR 5 A A A S 9
ST B W JoT A A A B R G TR Y 3R 08 R
o e AR AT SR R . HACGKR PR
B H s A e . T M Q. A
PR A 188 S AR A i R O 4 A e v 5



TR | MEYF, 2023, 63(3)

1201

S R 114) 2 306 o e 1 9 AR AL R . TR
2RI B AR T 38 DA R B v 4 0 1 et v ke
EA I R (e S A Y [ I B ) S TN 7 N1
Y2 5 005 P AU R 3R G A AR ) T 32 3 5
fip 38 bR B R . R RPN R S
FE ) B R AR S IR A 56 A e H kT
DA Hz 5 B 23 BR A 4 T i ROS, $& S  Y
i 32 PR FRATTHEI AR SR PR
T AR A 2 A S I I A A ot R o B o
EA

30 o) 5 D] 3Rk I 24 43 A R IR 22 S 3R R
IR EE AT . BERS R 4 oC RIE AN, 5
KRS F . RNA 855 A% LifEER 7
S A . W R Ak IR 5 A O B 11 % S e S R e
JO7 T R AR, X 5 Peng % MR IT 4 R —
o WLANMRATEEI, FHAH T HFAEFE R
21 cupin B8 1 505 A 01 5 DR 2 56 o i) 1o 3k
BRI FE . bHLH EE M RN TR, 78
VAT R AR K & R A5 )y T R B E B AR
M, FRBATHE— X AT T HRIE W% 5
Br, REBMGSZXRREH WAL 56
FRALIEM AT cAMP A LS AH G . FRATTHEMIIGIR
JOR3E R, 25 A T R R S IR R
il FUHL R G R . Hik, B THEAKELE
IR A AR KA 3, DRt ) 7 32 o BB 114 3
AP N A 5 A i 7 AP T ) 2o A v ke 3
VERT, Mol 32 o B 1 5 DR B B i 4R B 2 1 L &
ik A RN et i N i s e X (BT OE
MR Rk s ez W B BE . Rk, AT
IR T 55 A el i 2 5 8 1 S5 A & TE R
SR AR AN i A BEAVR 8 2 1 51T b,
AR A A% il JH 34 5 4 3] 440 ) 0 4 e £
JO i LA LA S e, AR TS K R AR
IR T AR KRS . T haa e fE
SEGREY RS EATRRE, HAR A Y

BH ik A v A S AL ) Y DR ELTE E N B O
o AW R BRE N AR, TAREN
BRFEDIBRIE S | FR OB 2 AR IR EE 4 %% DNA 2
RIS S S A0 A R O (9 R PR 3R 0K 19, DNA
e S ALt 7 3 7 ek 88 72 A Hh S B i AR T

Zi bRTiE, BATH ATAUNFL A A AR R
T ACHE A N il AT B T HLR . (R
AP R e — N R R R . Bl
HEHORI R, AT A . EHmA
TN AL 45 24 20 2 Bl 07 0 T A
Wi 17 385 EE A2 AT i B o AL AT IR T . HE T
1R DA Ay 1 25 L) S o ol A B — 0 ST
e, B 5 5L N ER 1 A A Je, AKX
B ) 7 3 B2 A3 1) 5 LA ATF 5 T L O FRAT T4
PEE R U R N BT, A T F A1)
PEATIBAL SR> T R

¢
BRI e [ B 5K A A R T 4 B,
LRl P R L AL P T B R

RIS PN T L2 1 g W8 AR v [ ko e A A A
WA 5 JIr Wk e oot AR SRR Ay i S AR Bl

S0

[1] HOHAM RW, DUVAL B, JONES HG, POMEROY
JW, WALKER DA, HOHAM RW. Microbial Ecology
of Snow and Freshwater Ice with Emphasis on Snow
Algae[M]. Cambridge: Cambridge University Press,
2001.

[2] WILLIAMS WE, GORTON HL, VOGELMANN TC.
Surface gas-exchange processes of snow algae[J].
Proceedings of the National Academy of Sciences of
the United States of America, 2003, 100(2): 562-566.

[3] HISAKAWA N, QUISTAD SD, HESTER ER,
MARTYNOVA D, MAUGHAN H, SALA E,
GAVRILO MV, ROHWER F. Metagenomic and
satellite analyses of red snow in the Russian Arctic[J].
PeerJ, 2015, 3: e1491.

[4] CVETKOVSKA M, HUNER NPA, SMITH DR.

http://journals.im.ac.cn/actamicrocn



1202

WANG Xinya et al. | Acta Microbiologica Sinica, 2023, 63(3)

[10]

[11]

[13]

[14]

Chilling out: the evolution and diversification of

psychrophilic algae with a focus on
Chlamydomonadales[J]. Polar Biology, 2017, 40(6):
1169-1184.

LUKES M, PROCHAZKOVA L, SHMIDT V,
NEDBALOVA L, KAFTAN D. Temperature

dependence of photosynthesis and thylakoid lipid
composition in the red snow alga Chlamydomonas Cf.
nivalis  (Chlorophyceae)[J]. FEMS Microbiology
Ecology, 2014, 89(2): 303-315.

MATSUZAKI R, HARA Y, NOZAKI H. A taxonomic
revision of Chloromonas
the type
Chloromonas, based on multigene phylogeny and
comparative light and electron
Phycologia, 2012, 51(1): 74-85.
PROCHAZKOVA L, LEYA T, KRIZKOVA H,
NEDBALOVA L. Sanguina nivaloides and Sanguina
aurantia gen. et spp. nov. (Chlorophyta): the taxonomy,

reticulata (Volvocales,

Chlorophyceae), species of the genus

microscopy[J].

phylogeny, biogeography and ecology of two newly
recognised algae causing red and orange snow[J].
FEMS Microbiology Ecology, 2019, 95(6): fiz064.

KAWECKA B. Biology and ecology of snow algae 2.

Formation of aplanospores in Chlamydomonas nivalis

(Bauer) Wille (Chlorophyta, Volvocales)[J]. Acta
Hydrobiologica, 1981, 23(3): 211-215.
MOSSER JL, MOSSER AG, BROCK TD.

Photosynthesis in the snow: the alga chlamydomonas
nivalis (Chlorophyceae)[J].
1977, 13(1): 22-27.

ZHENG YL, XUE CL, CHEN H, HE CL, WANG Q.
the
associated with

Journal of Phycology,

Low-temperature adaptation of snow alga
the
photosynthetic system regulatory process[J]. Frontiers
in Microbiology, 2020, 11: 1233.

PENG Z, LIU G, HUANG KY. Cold adaptation

mechanisms of a snow alga Chlamydomonas nivalis

Chlamydomonas nivalis is

during temperature fluctuations[J]. Frontiers in
Microbiology, 2021, 11: 611080.

LICHTENTHALER HK. Chlorophylls and carotenoids:
pigments of photosynthetic biomembranes[J]. Methods
in Enzymology, 1987, 148: 350-382.

LANGFELDER P, HORVATH S. WGCNA: an R
package for weighted correlation network analysis[J].
BMC Bioinformatics, 2008, 9: 559.

SHANNON P, MARKIEL A, OZIER O, BALIGA NS,
WANG JT, RAMAGE D, AMIN ND,
SCHWIKOWSKI B, IDEKER T. Cytoscape: a

<l actamicro@im.ac.cn, & 010-64807516

[15]

[18]

[19]

[21]

[22]

(23]

[24]

software environment for integrated models of

biomolecular  interaction networks[J]. = Genome
Research, 2003, 13(11): 2498-2504.

LOVE MI, HUBER W, ANDERS S. Moderated
estimation of fold change and dispersion for RNA-seq
data with DESeq2[J]. Genome Biology, 2014, 15(12):
550.

KANEHISA M, GOTO S. KEGG: Kyoto encyclopedia
of genes and genomes[J].
2000, 28(1): 27-30.
HUERTA-CEPAS J, FORSLUND K, COELHO LP,
SZKLARCZYK D, JENSEN LJ, von MERING C,
BORK P. Fast genome-wide functional annotation

Nucleic Acids Research,

through orthology assignment by eggNOG-mapper[J].
Molecular 2017, 34(8):
2115-2122.

THIMM O, BLASING O, GIBON Y, NAGEL A,
MEYER S, KRUGER P, SELBIG J, MULLER LA,
RHEE SY, STITT M. MAPMAN: a user-driven tool to

display genomics data sets onto diagrams of metabolic

Biology and Evolution,

pathways and other biological processes[J]. The Plant
Journal: for Cell and Molecular Biology, 2004, 37(6):
914-939.
YU GC, WANG LG, HAN YY, HE QY. clusterProfiler:
an R package for comparing biological themes among
gene clusters[J]. Omics: A Journal of Integrative
Biology, 2012, 16(5): 284-287.
DEMETRIOU G, NEONAKI C, NAVAKOUDIS E,
KOTZABASIS K. Salt stress impact on the molecular
the
of polyamines[J].

structure and function of photosynthetic

apparatus—the protective role
Biochimica et Biophysica Acta: BBA-Bioenergetics,
2007, 1767(4): 272-280.

ZHANG YM, CHEN H, HE CL, WANG Q. Nitrogen
starvation induced oxidative stress in an oil-producing
green alga Chlorella sorokiniana C3[J]. PLoS One,
2013, 8(7): €69225.

ROSA M, PRADO C, PODAZZA G, INTERDONATO
R, GONZALEZ JA, HILAL M, PRADO FE. Soluble
sugars[J]. Plant Signaling & Behavior, 2009, 4(5):
388-393.

MA YY, ZHANG YL, LU J, SHAO HB. Roles of plant
soluble sugars and their responses to plant cold
stress[J]. African Journal of Biotechnology, 2009,
8(10): 2004-2010.

ROUX C, GRESH N, PERERA LE, PIQUEMAL JP,
SALMON L.

arabinonohydroxamate and 5-phospho-D-arabinonate

Binding of 5-phospho-D-



TR | MEYF, 2023, 63(3)

1203

[27]

(28]

[29]

[30]

inhibitors to zinc phosphomannose isomerase from
Candida albicans studied by polarizable molecular
mechanics and quantum mechanics[J]. Journal of
Computational Chemistry, 2007, 28(5): 938-957.
BADEJO AA, ELTELIB HA, FUKUNAGA K,
FUJIKAWA Y, ESAKA M. Increase in ascorbate
content of transgenic tobacco plants overexpressing the
acerola (Malpighia glabra) phosphomannomutase
gene[J]. Plant and Cell Physiology, 2009, 50(2):
423-428.

QIAN WQ, YU CM, QIN HJ, LIU X, ZHANG AM,
JOHANSEN IE, WANG DW. Molecular
functional analysis of phosphomannomutase (PMM)

and

from higher plants and genetic evidence for the
involvement of PMM in ascorbic acid biosynthesis in
Arabidopsis and Nicotiana benthamiana[J]. The Plant
Journal: for Cell and Molecular Biology, 2007, 49(3):
399-413.

GRANOT D, KELLY G, STEIN O, DAVID-
SCHWARTZ R. Substantial roles of hexokinase and
fructokinase in the effects of
physiology  and  development[J].  Journal of
Experimental Botany, 2013, 65(3): 809-819.
BLAZQUEZ MA, SANTOS E, FLORES CL,
MARTINEZ-ZAPATER JM, SALINAS J, GANCEDO
C. Isolation and molecular characterization of the
TPSI
phosphate synthase[J]. The Plant Journal: for Cell and
Molecular Biology, 1998, 13(5): 685-689.

VOGEL G, AESCHBACHER RA, MULLER ],
BOLLER T, WIEMKEN A. Trehalose-6-phosphate
phosphatases from Arabidopsis thaliana: identification

sugars on plant

Arabidopsis gene, encoding trehalose-6-

by functional complementation of the yeast ps2
mutant[J]. The Plant Journal: for Cell and Molecular
Biology, 1998, 13(5): 673-683.

WANG L, CUI N, ZHANG KY, FAN HY, LI TL.
Research advance of sucrose phosphate synthase (SPS)
in higher plant[J]. International Journal of Agriculture
and Biology, 2013, 15(6): 1221-1226.

MAY MJ, VERNOUX T, LEAVER C, MONTAGU
MV, INZE D. Glutathione homeostasis in plants:
implications for environmental sensing and plant
development[J]. Journal of Experimental Botany, 1998,
49(321): 649-667.

GERARD-MONNIER D, CHAUDIERE J. Metabolism
and antioxidant function of glutathione[J]. Pathologie-
biologie, 1996, 44(1): 77-85.

GALLIE DR.

L-ascorbic acid: a multifunctional

[35]

[36]

[37]

[38]

[39]

[41]

molecule supporting plant growth and development[J].
Scientifica, 2013, 2013: 795964.

F2R, 22U FEY) bHLH % 5% PR ¥ 1E A A i aa o
i DI BE AT 5E BEJE (0], ZE 4 BF 2 05T, 2016, 20(4):
358-364.

WANG C, LAN HY. Research progresses on functions
of plant bHLH transcription factors involved in abiotic
stresses[J]. Life Science Research, 2016, 20(4):
358-364 (in Chinese).

SHUTOV AD, KAKHOVSKAIA IA. Evolution of
seed storage globulins and cupin superfamily[J].
Molekuliarnaia Biologiia, 2011, 45(4): 579-585.

ROY S. Maintenance of genome stability in plants:
repairing DNA double strand breaks and chromatin
structure stability[J]. Frontiers in Plant Science, 2014,
5:487.

HASHIMOTO H, URAGAMI C, COGDELL RIJ.
Carotenoids and photosynthesis[J]. Sub-Cellular
Biochemistry, 2016, 79: 111-139.

HAVAUX M. Carotenoids as membrane stabilizers in
chloroplasts[J]. Trends in Plant Science, 1998, 3(4):
147-151.

RAMEL F, BIRTIC S, GINIES C, SOUBIGOU-
TACONNAT L, TRIANTAPHYLIDES C, HAVAUX
M. Carotenoid oxidation products are stress signals
that mediate gene responses to singlet oxygen in
plants[J]. PNAS, 2012, 109(14): 5535-5540.

YONG YYR, LEE YK. Do carotenoids play a
role in the

photoprotective cytoplasm  of

Haematococcus lacustris (Chlorophyta)?[]J].
Phycologia, 1991, 30(3): 257-261.

JANG IC, OH SJ, SEO JS, CHOI WB, SONG SI, KIM
CH, KIM YS, SEO HS, CHOI YD, NAHM BH, KIM
JK. Expression of a bifunctional fusion of the
Escherichia coli genes for trehalose-6-phosphate
synthase and trehalose-6-phosphate phosphatase in
transgenic rice plants increases trehalose accumulation
and abiotic stress tolerance without stunting growth[J].
Plant Physiology, 2003, 131(2): 516-524.

GALLIE DR. The role of L-ascorbic acid recycling in
responding to environmental stress and in promoting
plant growth[J]. Journal of Experimental Botany, 2012,
64(2): 433-443.

XIA ZL, XU ZW, WEI YY, WANG MP.
Overexpression of the maize sulfite oxidase increases
sulfate and GSH levels and enhances drought tolerance
in transgenic tobacco[J]. Frontiers in Plant Science,

2018, 9: 298.

http://journals.im.ac.cn/actamicrocn



