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Convergent evolution of RuBisCO genes in aquatic plants
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Abstract: The fixation of carbon in plants is a crucial step in the carbon cycle, significantly impacting
global food production and climate change. Within this process, the ribulose-1,5-bisphosphate
carboxylase enzyme plays a pivotal role. There exists a delicate balance between the enzyme's catalytic
rate and its specificity: as the specificity decreases, the catalytic rate rises, but this is accompanied by
an increase in toxic by-products from side reactions, ultimately affecting overall efficiency. However,
aquatic plants possess a unique mechanism for carbon dioxide enrichment, effectively minimizing the
impact of side reactions and creating a more favorable environment for the enzyme. Using the
submergence events of higher aquatic plants as a starting point, we comprehensively studied the
convergent evolution of the large subunit protein of ribulose-1, 5-bisphosphate carboxylase (RuBisCO)
in these plants. Our aim was to identify convergent evolutionary sites related to submergence events
and explore changes in the enzyme's physicochemical properties following the emergence of the carbon
dioxide enrichment mechanism, providing new insights for optimizing the enzyme. We collected

protein sequence information for ribulose-1, 5-bisphosphate carboxylase from 48 species belonging to
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six orders: Alismatales, Lamiales, Saxifragales, Hydrocharitales, Cornales, and Ceratophyllales, and

identified six submergence events. Employing the PCOC analysis method, we integrated data from

these six submergence events to investigate common evolutionary trends in aquatic plants. Our analysis

revealed the potential existence of a convergent evolutionary site in aquatic plants, located at position

328 in the protein sequence, adjacent to the enzyme's active center. We hypothesize that substitutions at

this site may enhance the flexibility of controlling the entry of reaction substrates into the active center,

thereby facilitating the entry of carbon dioxide and increasing the enzyme's catalytic rate. The discovery

of this convergent evolutionary site provides a research direction and theoretical basis for subsequent

enzyme improvement and mutation experiments. Our findings will contribute to further optimizing the

catalytic efficiency and adaptability of this enzyme.

Key words: ribulose-1,5-bisphosphate carboxylase; submergence events of higher aquatic plants;

carbon dioxide enrichment mechanism; convergent evolution
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Fig.2 Phylogenetic tree construction of ancestral sequences of water entry events
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Species/Abbry e
Alisnatales Aponogetonaceae Aponogeton boivinianus
Alisnatales Aponogetonaceae Aponogeton rehmannii
Alisnatales Aponogeton madagascari
Alisnatales Aponogetonaceae Aponogeton abyssinicus
Alisnatales Aponogetonaceae Aponogeton lakhonensis
Alisnatales Aponogetonaceae Aponogeton undulatus
Alisnatales Aponogetonaceae Aponogeton desertorum
Chloranthales Chloranthaceae Sarcandra glabra
Chloranthales Chloranthaceae Ascarina coursii
Chloranthales Chloranthaceae Chloranthus spicatus
. Chloranthales Chloranthaceae Hedyosmum correanum
. Chloranthales Chloranthaceae Chloranthus erectus
Alismatales Tofieldiaceae Isidrogalvia schomburgkiana
Alisnatales Tofieldiaceae Harperocallis flava
. Alismatales Tofieldiaceae Harperocallis calyculata
Alismatales Tofieldiaceae Tofieldia divergens
. Alismatales Tofieldiaceae Tofieldia thibetica
. Alismatales Tofieldiaceae Pleea tenuifolia
Alisnatales Tofieldiaceae Harperocallis pusilla

©
Species/Abbrv
Chloranthales Chloranthaceae Sarcandra glabra
Chloranthales Chloranthaceae Ascarina coursii
Chloranthales Chloranthaceae Chloranthus spicatus
Chloranthales Chloranthaceae Hedyosmum correanum
Chloranthales Chloranthaceae Chloranthus erectus
Alismatales Potamogetonaceae Stuckenia pectinata
Alismatales Potamogetonaceae Zannichellia palustris
Alismatales Potamogetonaceae Potamogeton perfoliatus F
Alismatales Tofieldiaceae Isidrogalvia schomburgkiana R FFAYVAY]
10. Alismatales Tofieldiaceae Harperocallis flava Y TAYVAY]
11. Alismatales Tofieldiaceae Harperocallis calyculata
12. Alismatales Tofieldiaceae Tofieldia divergens R
13. Alismatales Tofieldiaceae Tofieldia thibetica g YIAYVAV§
L)

B

=53

=i

519003 91 65N [

14. Alismatales Tofieldiaceae Pleea tenuifolia K Y IAYVAY
15. Alismatales Tofieldiaceae Harperocallis pusilla K Y TAYVAYPI

O]

Species/Abbrv

Saxifragales Haloragaceae Myriophyllum propinquum
Saxifragales Haloragaceae Myriophyllum aquaticum
Saxifragales Haloragaceae Myriophyllum sibiricum
Saxifragales Haloragaceae Myriophyllum spicatum
Saxifragales Haloragaceae Myriophyllum verticillatum
Saxifragales Haloragaceae Proserpinaca pectinata
Saxifragales Haloragaceae Haloragodendron glandulosum
Saxifragales Haloragaceae Glischrocaryon aureum

9. Saxifragales Haloragaceae Gonocarpus micranthus

10. Saxifragales Haloragaceae Haloragis erecta

11. Saxifragales Haloragaceae Haloragis aspera

12. Saxifragales Haloragaceae Proserpinaca palustris

(2

Species/Abbrv
Cornales Curtisiaceae Curtisia dentata
Cornales Nyssaceae Nyssa wenshanensis

3. Cornales Nyssaceae Mastixia caudatilinba

4. Cornales Cornaceae Cornus controversa

5. Cornales Nyssaceae Diplopanax stachyanthus
6. Cornales Hydrangeaceae Hydrangea heteronalla
7.
8.
9.

0 G PRI e O

. Cornales Nyssaceae Camptotheca acuminata
. Cornales Nyssaceae Nyssa sylvatica

Cornales Nyssaceae Nyssa sinensis
10. Cornales Cornaceae Cornus macrophylla
11 Cornales Nyssaceae Nyssa ogeche
12. Cornales Cornaceae Alangium alpinum
13. Cornales Hydrangeaceae Hydrangea petiolaris
14. Cornales Hydrangeaceae Hydrangea serrata
15. Cornales Hydrostachyaceae Hydrostachys imbricata
16. Cornales Hydrostachyaceae Hydrostachys sp
17. Cornales Hydrostachyaceae Hydrostachys polymorpha
18. Cornales Hydrostachyaceae Hydrostachys insights
19. Cornales Hydrostachyaceae Hydrostachys goudotiana

(b)

Spacies/Abbrv

L. Chloranthales Chloranthaceae Sarcandra glabra
Chloranthales Chloranthaceae Ascarina coursii
hloranthales Chloranthacese Chloranthus spicatus
Chloranthales Chloranthaceae Hedyosmun correanum

]

tales Hydrocharitaceae Thalassia bemprichii
Alismatales Rydrochartaceae Eshalus acoroides
Alisuatales Hydrocharitacea Blyxa echimspera
Alisnatales Posidoniaceae Posidonia australis

24, Alisnatales Zosteraceae Zostera marina

(d)

Species/Abbrv *
1. Lamiales Plantaginaceae Penstemon gracilis AMHAVT]
2. Lamiales Plantaginaceae Antirrhinum majus AMHAV T
3. Lamiales Plantaginaceae Bacopa floribunda AMHAVT]
4. Lamiales Plantaginaceae Plantago depressa AMHAV T
5. Lamiales Plantaginaceae Veronica americana AMHAV T}
6. Lamiales Plantaginaceae Digitalis purpurea AMHAVT]
7. Lamiales Plantaginaceae Plantago maritima AMHAV T
8. Lamiales Plantaginaceae Callitriche stagnalis AMHAVT]
9. Lamiales Plantaginaceae Callitriche petriei AMHAV T
10. Lamiales Plantaginaceae Callitriche heteropoda AMHAVT]
11. Lamiales Plantaginaceae Callitriche nana AMHAV T
12. Lamiales Plantaginaceae Callitriche heterophylla AMHAVT|
13. Lamiales Plantaginaceae Callitriche lusitanica AMHAVT]
14. Lamiales Plantaginaceae Callitriche nuttallii AMHAV T}
15. Lamiales Plantaginaceae Callitriche truncata AMHAVT]

®

9. Lycopodiales Lycopodiaceae Lycopodium clavatin P
12 Sl setiee: Sl

-

Selaginellales Selaginellaceae Selaginella ~epidopl
18, Solaginellales Selaginellacose Selaginolla ‘yallii
19, Selaginellales Selaginellaceae Selaginella ainanclA

=
i
EEEEE

23 Selaginellales Selaginel laceae Selaginella ‘ndica A

(a~g) XL P 20~1 BER A TR FAF I K A A Rt AR AL ) PP 97 X 45 2R
K3 AKEAERF S L4

Fig.3 Sequence alignment results of water entry events

PC I RITUIN (1) J5 S ME 28 0.5, 24 4fi FH PCOC 25
R PEAT UM, HAERZAH 0.96, X LbLi A
B TN 25 S i ZU A ] — N E518 . xS AR T RE

TR R A 5, B A K AR
TR e A ) . (AR TE A, X — AT

PEHO BT 6 5 PR IXZER IR T OV R
Pyt ATE RO Y AGR E SRR . I, 3R
AT 32 A5 A 1) 2R 78 T RE RSO 1 2 DX Bl 45 4 11
Jit, BEMSE0E T RS o

#1 PCOCHHrsh
Table 1 PCOC analysis results

Sites Indel prop Indel prop (ConvLeaves)

PCOC_V1 PC_V1 OC_V1

318 0 0

0.962 589 0.5 0.992 729

2.4 ERHNASXTERE R R

AR e P PLAS = AL, PR S
JKAE A P 1 RuBisCO R 3t 25 )7 81 iE 47 T il 1
B, B EIRAR T A KSR [F oA o 72 rh
fitg P o A AR Ak . FRATTLE TR T 103 %)% 51 % W 1Y
BEE A5 8, IRIET 328 57 B A A FE R Ak ok H:

Iy N RN R R AL . dE— 2 W5 G 4 il
SZHK, N SC/O 22 5, LIBH A% 4 ) 2E Ak 457 1
X AW AE R . AR S TR, SRk PEAE L
i, WATERELZRA T, RuBisCO A1k
K MEE TNRARA . R 2R SC/OH
WA TR RRAL, AP A2 FIF R 2



168

iRz (HARHERR H3E30)

%63 4

PCOC_V1

1.00

0.75

0.25

0.00

(@)
BUKKAERY

N 0 A wn
N [ o N o
o« o« el «

KR

1HAGTVVG

~
o o N
@ @ @

333
(¢}

o
o

(=3
N
00000000k
R

Alismatales
---Ceratophyllales
Cornales _Hydrostachyaceae_ Hydrostachys
Saxifragales_Haloragaceae_Myriophyllum
Saxifragales_Haloragaceae
Lamiales_Plantaginaceae_Callitrichem
--Lamiales_Plantaginaceae
- Isoetales
Selaginellale
Lycopodiales
Ehloranthales

ornales_Nyssaceae

Alismatales_Tofieldiaceae

> = > >0 @9 > [¢|9@eE 318

©

R AL

0 100 200 300 400
HIERR AL

(a) 328 SRR YRG5 (b) ZET R GEA T WA AL L AL 28 FE R SR 7R, AL miAE R A A A o 22 R
Wi A=A AL N ER 5 (o) JEE 9148 (0 a8 PCOC BERY TN i S0 M5 8, A A b ik B 1 RS O B sk A B B R AV A

AR T B R AR

K4 PCOC &RIMEIL /b s %

Fig. 4 PCOC convergent evolution analysis results



Fo

WEH, 25, KA RuBisCO 3 K gt Al i ik 169

X Al BEJE B T RuBisCO MY PRSP MRS, SR KR
AR 9 RuBisCO i il P 5t | A 22 R B BOR Y
25t

iy LR WA A, FATAT LA, K AEAE
Preb 328 AL NI o 22 AR, BRI 4S
H AT RE K A T AR IR 8, ATl RuBisCO RE R
R R, DA R A A B ] TAR AR
X — K IR FATTTR A B gt K A AL TR A i A
TR B R AR PRt T R R

(a) L IHE (b) Rt
5 P=0.007 56™ P=0.646 ns
120
4
2 © 100
<, %
1 80
0 . .
- 6 i

KI5 AR (328 5 (0 s ) IR 2 57 X B BT A 52
Fig. 5 Effects of amino acid differences at convergent

evolutionary sites (site 328) on enzyme properties

3 9w

RuBisCO, 1EAGAEVEHI ARz R, H
PR AU 3R R 20 52 il 25 AL 400 A e 1] 2 BB T o VAR X
Ui /N B R P A o S S X gy @ Y LD O
%, B ek ¥ RuBisCO — B2 BHF 45 35 1) 51 55 48
KIT . SR, RuBisCO [ L R 55 bk 2
) A7 TR BI04 v i A R R AT A R B
SRR, AT LS SRR, S
FIESECZEN iy &

TEAM T, RATWETHRH6ANH . 124
J& . Tt 48 PP T KIK A A P B RuBisCO K 5 8
HBUFA . Gt RAG T, FATH S T — 4 W3
R A s, BV T8 T 1 5 328 2
FEMR, 45 FIXTR T 6 5 ¥R, X — ]t
MMAFETERN, EAFRMAREER T,
RuBisCO fE % 7F 22 A 4k i 7K A= PR 58 b i Ak A AL
F R, DL IV K SRR E A5 . JE T RuBisCO K
SV S 7 4] 1) Tl o I 45 SR R, A S R AR
R Z R, AL RS BT, AR S )
WEAT T B o RV K e 238 B I T SRR A e

MEEE, EHNEE R B —E NS E M E.

ST HE U b B E 2 A5 e KT B ST
J& £ ] JF J RuBisCO Y 28 A8 S50, 44 9% 58 48 X} fiff
SR AR, EE R AL, A —
AT B IE PR AR DG SE B, AR IE 28 A8 A 55 X il
CReioRTiRoIE-A L NI N 0 i i D5
R Ay R S SRR -

RuBisCO 1 it () 48 fb 38 7 T Uik K AE Y 5
Rl A= AE CO, A R 225 . T /KT s
Has 5T, KPR COP H R B T2
S, DK IK AR Ay T 1A It A A8 0 IR A 35 i i
£ CO,. EMnyrt s b= <fLasH, JF 2L
B, XEIE SRR R e T K A R i A DRk
ARt . CABFE TR, S H g R gt
Y B R DK i R AR RE T, i AR Y
WAUESE TN FZK A A 2 R 2 RR LR CO, &
HL

KT CO,MAERAE LA, ZihE., &+
5 S RN R I A 2 R IR g . KA A K AE
ZAER R IREE Y, A FE IR R A M DX A
WFERNR RS . A, — Rk E RS KA
Ak, AR K, FA UK KA P BE % 8
T AR SR e o AR CO,, X T RE S EUR TR M
DX I [] A= A7 FRBE A AR A F P A A TR CO,
EAENUR . BT, XHUKKARY) Co, wEENLH T
WFSE AN 410, B2 PR AL AT AN B B
A BE AP FRIX 7 I A EHE . AR RE T R A L
IRANFITAIR A AR P 45 509 CO, & AR ML, I3
fiff 6T 10 1Y RuBisCO #4628 4k, il i RuBisCO
RUETZHMENSE

HUKAKEMY AR, $EARKEMY 5K
IKAERE YR oy N R A 25 Ao, ] DAEE
25 ST CO, MM . ERIES, BRI
IKIKAEAE YK S 2555, X1 £53 H RuBisCO
1) TAEAREE A e 5 DKM A It AN . 5 S2iF 5T
A — 2D AR RS KAR Y 5 T KR ) 1 () a1 2
%, #&75 H RuBisCO J& 75 H 25 VR 1 [a) 1k 1
B, M 3 8 e AT X% RuBisCO 45 4 5 1 68 1Y
INF

ZE L RTIR, ARHFGE HE Ak 24 14 f 1 R J Sk
#E RuBisCO $ 4L 1 97 (0 LB . WF 58w & BRI 4 T
PEACAE A5 R RS -1, 5- Wl R R AL 1l 1Y) 28 A5 i 9 4
HETH BRI



170 iRz (HARHERR H3E30)

%63 4

SE 3k

ANDERSSON I, BACKLUND A, 2008. Structure and func-
tion of Rubisco [J]. Plant Physiol Biochem, 46 (3) :
275-291.

BRACHER A, WHITNEY S M, HARTL F U, et al, 2017.
Biogenesis and metabolic maintenance of rubisco [J].
Annu Rev Plant Biol, 68: 29-60.

CAPO-BAUCA S, INIGUEZ C, AGUILO-NICOLAU P, et
al, 2022. Correlative adaptation between Rubisco and
CO,—concentrating mechanisms in seagrasses [J]. Nat
Plants, 8(6): 706-716.

FELLER U, ANDERS I, MAE T, 2008. Rubiscolytics: Fate
of Rubisco after its enzymatic function in a cell is termi-
nated[J]. J Exp Bot, 59(7): 1615-1624.

FIELD C B, BEHRENFELD M J, RANDERSON J T, et al,
1998. Primary production of the biosphere: Integrating
terrestrial and oceanic components [J]. Science, 281
(5374): 237-240

FLAMHOLZ A I, PRYWES N, MORAN U, et al, 2019.
Revisiting trade-offs between rubisco kinetic parameters
[J]. Biochemistry, 58(31): 3365-3376.

GIORDANO M, BEARDALL J, RAVEN J A, 2005. CO,
concentrating mechanisms in algaec: Mechanisms, envi-
ronmental modulation, and evolution[J]. Annu Rev Plant
Biol, 56: 99-131.

INIGUEZ C, CAPO -BAUCA S, NIINEMETS U, et al,
2020. Evolutionary trends in RuBisCO kinetics and their
co—evolution with CO, concentrating mechanisms [J].
PlantJ, 101(4): 897-918.

IQBAL W A, LISITSAA, KAPRALOV MV, 2023. Predicting
plant Rubisco kinetics from RbcL sequence data using
machine learning[J]. J Exp Bot, 74(2): 638—650.

KHAN A I, DINH D M, SCHNEIDER D, et al, 2011. Nega-

tive epistasis between beneficial mutations in an evolving

bacterial population [J]. Science, 332 (6034) : 1193-
1196.

KLAVSEN S K, MADSEN T V, MABERLY S C, 2011.
Crassulacean acid metabolism in the context of other
carbon—concentrating mechanisms in freshwater plants: A
review[J]. Photosynth Res, 109(1/2/3): 269-279.

LARKUM A W D, DAVEY P A, KUO J, et al, 2017.
Carbon—-concentrating mechanisms in seagrasses (1.1
Exp Bot, 68(14): 3773-3784.

MINH B Q, SCHMIDT H A, CHERNOMOR O, et al, 2020.
IQ-TREE 2: New models and efficient methods for
phylogenetic inference in the genomic era[J]. Mol Biol
Evol, 37(5): 1530-1534.

MORONEY J V, JUNGNICK N, DIMARIO R J, et al,
2013. Photorespiration and carbon concentrating mecha-
nisms: Two adaptations to high O,, low CO, conditions
[J]. Photosynth Res, 117(1/2/3): 121-131.

REY C, GUEGUEN L, SEMON M, et al, 2018. Accurate
detection of convergent amino-acid evolution with PCOC
[J]. Mol Biol Evol, 35(9): 2296-2306.

SIEVERS F, HIGGINS D G, 2018. Clustal Omega for making
accurate alignments of many protein sequences [J].
Protein Sci, 27(1): 135-145.

SPREITZER R J, 2003. Role of the small subunit in ribulose—
1, 5-bisphosphate carboxylase/oxygenase [J]. Arch Bio-
chem Biophys, 414(2): 141-149.

YUAN F, NGUYEN H, GRAUR D, 2019. ProtParCon: A
framework for processing molecular data and identifying
parallel and convergent amino acid replacements [J].
Genes, 10(3): 181.

ZELITCH I, SCHULTES N P, PETERSON R B, et al, 2009.
High glycolate oxidase activity is required for survival of
maize in normal air[ J ]. Plant Physiol, 149(1): 195-204.

(REHE K k)



