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FLOWERING PLANTS
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Pistia; Araceae

[ Spirodela intermedia
L Spirodela polyrhiza HE N Ao

Landoltia punctata | ®0
Lemna tenera
Lemna perpusilla u
—:Lemna minuta
Lemna valdiviana
:Lemna gibba EEE A
Lemna disperma

Lemna obscura

Lemna turionifera
Lemna trisulca

Lemna minor HE N AeOD
Lemna japonica

Wolffia australiana

—:Wnlfﬁa microscopica H A
Wolffia borealis
Wolffia angusta

—
|_: Wolffia globosa -
Wolffia neglecta

Wolffia arrhiza |
Wolffia cylindracea |

Wolffia columbiana ‘ |
Wolffia elongata

Wolffia
| —— Wolffiella rotunda
|_: Wolffiella hyalina |
Wolffiella repanda
Wolffiella i
[~ Wolffiella neotropica ‘
\

e—— Wolffiella welwitschii
Wolffiella caudata
Wolffiella gladiata
Wolffiella lingulata
Wolffiella oblonga |

B 1 (PR () IS IMF SR ANRIE 5 () LR SR R LR B M (b). (al) TN (Spirodela polyrhiza), #I5~111M1; (a2) DALEH
(Landoltia punctata), {X1/-3; (a3) F ¥ (Lemna minor), {L1AHR; (ad) FilkiF#E(Lemna aequinoctialis), {11, (aS) FEHE(Wolffia globosa), ToAR.
(b) FHEIEk. 2, SR, 364 R, RGNS FHSRADNA (matK/trnK+rbeL+rpl1 6)ilid fi KSR LA, Bootstrap replication’y
1000. 20K ITTEFIR B REAL B AR RAIFAED T, S0 IETTIEFRIR B 2SI ARG SRR S RY, S0 = MIB3oR BN B
TR, S0 B FR HA e s BRI R, 25O RSN B 8 B ST B I R, 250 IE 3R B RO B A i e
Figure 1 (Color online) The morphology of five common duckweed species (a) and the phylogenetic tree of Lemnaceae (b). (al) Spirodela polyrhiza,
with 5—11 rhizoids; (a2) Landoltia punctata, with one rhizoid; (a3) Lemna minor, with one rhizoid; (a4) Lemna aequinoctialis, with one rhizoid; (a5) the
rootless Wolffia globosa. (b) The evolution and classification of duckweeds, including 5 genera and 37 species. The maximum likelihood phylogenetic
tree is conducted using 1000 replicates on data of published chloroplast DNA data for marK/trnK, rbcL and rpl16. The solid rectangle indicates the
duckweed species with established genetic transformation system, the solid square indicates the duckweed species that have achieved flowering
induction, the solid triangle indicates the duckweed species with nuclear genome data, and the solid circular indicates the duckweed species with

transcriptome data, the hollow circle indicates the duckweed species with proteome data, and the hollow square indicates the duckweed species with
metabolomic data

HpE M REFETICEN, W ICHR o EE IR T30 F LR L RO ] JE35.5 Ma, /DR &M R b rY
eI FEv)E X Wolffia angustaFWolffia globosa™i S IE]J256.8 Ma, & 4k i a]2&54.4 Ma. HF
AP IE TN sl PR, A IS Y R rT e AL UE e AR AR B R R LB XRNAMEH, Bl
TREUMATE I, AT BEA N7 4 H0 TR A1 W 51 7R W H ) e TOAR & 1 AE TR 29°015.6 Ma, JEiE)R
Hi DX AF5E A A R 1 43— TR R A A A v s A (43I 1) 29 498.0 Mal"'". 462 A1 &% Spirodela poly-
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Figure 2 The regulation of growth in duckweeds and their applications

rhizafISpirodela intermediai ™4Fh, 1S, polyrhiza
Pz oA TG AR R M DX, o0 iR
XAV IR B A0S 22 X A 4340, 1S, intermediafl
ST ATER RN A HLIX . /DAR 28 M )8 AU Landoltia
punctata—"NYIF, TIZ AT TR TR HLIX, 7R
AL HL X A AR AN TERE. T (Lemna minor)
(Lemna  gibba) iR A+ 0012, ALAG ARG
FRAT M X, e B S B AR P 22 (45°8), LRI SR
2 BB G0 N)FIIN G R B W R IX. i JCAR T
HAEPRIGLER L. LSS AAEM I, Fek)E1E
I P AR U 22 A1 8 b DA A 53, L JCAR P R TSR

1.2 MR SRR

Hartog FIPlas'" " % Landolt" 75 BL 1 ¥ 4 Fh 5 % U5
IR . a4 TAE R RAE T EZ/EN, Ml
SRR L SRR T TR E a2, 1
2 RERIIF YIRS B . A AR A =,
WEERZE . 2R BRI 2R X — L B AE B
HMEX AP IF A T Al 2 ), i WiLemna val-
divianafLemna minuta*". Y4k, DNAZ ZSHER
iR, fFERAPD(random amplified polymorphic
DNA)[M]\ ISSR(inter-simple sequence repeat)[”]\ SSR
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(simple sequence repeats)[lg]\ AFLP(amplified fragment
length polymorphism)''**", I & DNA S JEHG /> Tt
FRIC(DNA  barcoding)'" 132 B BITE MY 432
FEE . DNAKIEIS > Tt hric BA Y 8 TSt
B TRV A Bt IR AR g 2 S r A
B, TEIF PRI RS T BAT BRI I T 5, R
J7 LB Y E MK 43302 NF MR X F 1]
— PRI R AR A S, T DNASIE S P4
S, T EH FHAFLPH R 5{AFLP 5 DNA %A AH
gh AT AT s, BRI R S T
PR 0 S8, 3TN, AL SR m 2R AR
PRI IR 3R R AR R 1044
fift, LIRTEMEE LR, Hoh i il 8. MR
RIYFEEDRD, Fedd AN B S i P
PR I, Bog NPYLk S BB A E k. 1R
2% AFLPLL M40 FhRic % i Lemna  yungen-
sis5jLemna valdivianali F [Rl—"1Y#, 2R
IR 36 IRI (E 1(b)). HET, BT (Rut-
gers University) 1 E B} Be A A it 55 ot 0 72 1
PR T A R RZ B TR IR, hER
BEREYIOT ST h ERERB K AR AR RS o ER
BT B RE IR T DL S R A AR T — SRR
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IR 28 B RTAAFTE— 24, REK
BN MARG LTINS RH, 5
(104 Ma) KRR T84 thBUF S 5 700 2,k
A5 BT IR i I A b S S R I A ) 5 KR A
BHEY EA BOE I R0 I, BFF#K T
MR Lemnaceae)X) 4305 K rg 2R3 H IR 8 T K
5 H(Arales), TR & H 55 AR AAEY), WK
Bh. IR FERHYETE H (Alismatales) 352 6 RAR P,
{HCabreraZ AP*!. Cusimano% AP*'1) K NauheimerZs
APz 8 AFLPRIDNA SRS S0 M4t Sl 37340
J&F R AR — R, RIVEMEERL, #0577 e
BEFBRKEEERHKE R (Gymnostachys)
LB (Orontium) VA X RFS & (Symplocarpus)F ) #
IR MRS R, WA Ok 2 R R 4 )7 5
/A TR i PR =y 8 SPS EA R 1) g 2 N S PN A E S s 1
TR G LB AT P A 8 PR AT B3 2E fk.

2 IEMERB RSN

Landolt” 8 4> T M %) 7 M B0 A NI 53064 T 1 RS,
s DI R 20 Ze i m ARG B iR WnR ik =k, WF
Ry AR AR AR /N I AR R R ERR (T 1 (). An-
dersonZ§ AP, White FiWise V4T T 3Fh J 34 14 5 5
RS, MATA ISR AL AR B AT Re gl = il
SRICTEARE N SMRIE SR, (A HA &Y
JrA R AR, Fe M I T AR A SR B E— 3
HAPGR B IR AC, —EEZR AR N BB % 6~7 1
hFANEE B BT 2F, IR F R To it B E
AT LA A B AR i B2 40 A0 T A A b
JiAb, FEMEZ 4R, AiE BRI, Al s A
b, X SEEE R R 5 HRK A TR A T Oy O Y, T HL
JEM(Wolffia columbiana) i AR K AL IR AL 17—
FhEE R A0 (transfer  cells)Zh A4, 6T I8 M i otk
RIEATE SR i S AL A R B

BIRTE AR AN B AEGS AT RE LR kA — e R
MR A, (HRAEA —E AR ISCFZ PR, Echlin®F
}G“Wﬁ%%ﬁ@ minor)WRAR X Al FBE TR BR, RE2H0E
TSR & A AEAR AR X, i HARR N 2 )2 B
LECHT, HEMT ML, minor) W BAR A A WIS TIEE,
AT R RN RAR Z B T BT iz . 483(S. polyrhiza)
RN (8] & A RE MR E 2, AR5 HRR = (7]
A] BE o e B AR AR ok s B A=Y, HARDR
) DRSO YO T N el U L oS R T A | 0 e [ R

AR XK AR B, ARIE R AR iy BT
LemonflPosluszny > X4 $(S.  polyrhiza). (L.
minor)~ FeTE(Wolffia borealis)HY & B I FEHEAT T 40
WEE, B3RP AR B R IR H S EA W
Ay DX A TR A LA, 2EE(S. polyrhiza) FIT5 (L. min-
or)BA KA HBEAR AR 124 3 A ZH ZUIX (merris-
tem area, MA), HIEW(W. borealis) A — A 4L
X (FRRAEK5”), X 5AndersonZE AP, White il
Wise L RINEL TS R BRI ETE
T AR B S5 A0 AN T BE I 5% 7 T S T — SRR,
FEXF 24 57K AR B AR 3 00 38 DAL AT — e FR
1) T i, AR SR A IR A RZ . BHir, R
A A NS S R & B RS AR RS ST R
WIS RE ISR SRR, BT 5EHA(S. polyrhiza) ANig 2
58 ZUACRS AR 22 WA 73 AT B PEAR S5 44 A D) RE 1Y
iRk, HAH AR & B A OC I JE R AR 45 T AR AR E 1R
A P E AN FHLH A T 2R ABESR.

TEIEBENETE IR IR AR LB i AN RIS, ARHR fA
R T RKERZVEN MIRIRIHR M T R 8RR
PRIRIRRERE VLA KR DARE st R RS, 875 e o 1
W] R R BIFERE (W, globosa)KIRAMAH FEH T e #}
B, AN RN B HES, LT B AR PR, 550
(S. polyrhiza) KRR APRIRES & A S =50 H w2
TR B, g S T IF e e A L5, (B4
RHFHR A T PR AR R IER D, BRI A LT
PRI T E . i A R e B DU B R 4R F)
THERYTEFEW. globosa) M, #HATA MEAEFE N TR
— A HESE TS, NIRRT SR BIE N, ToIEm. 1
SEARGER, T H IS AT [ B SR T A A B AN T A,
{BA A AN oM B A — M K SR BT AE
T ZbIF5E.

3 FRMERY R

3.0 IENEE KA

HARF R, TR ILFLATCH: B i 7 U 1R,
2y1.34~4.54 AP AT B — A5 PRI K A2 A
WENT, SR, pH. BE. SEIMCO MR
SERUNR. A, FFHECL minon)RERSAE KO BRIV FE
7~84 mg/L, HAEE AR N28 me/L, AR E 2
A F—E R R, L. minor)FIZDHR
SEPE(L. punctata) A= 1 BEBEA R A T Se b s s
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B, B ML, minor) AR BT LS. polyrhiza)
FI/DHREE (L. punctata), FZPHTT (L. minor) X MR Y
T RE ST T HAG PR RS, SRR AT AR K A pHE
J24.0~10.0, MAE K I p I B8 AR R, PRMERAE
Kot TR, BN i 2t e W S 7
MIAER, BN, fRIR A R A & A T REIE 175 2
(S. polyrhiza)i HARHRZE", 204 BRI (1 - E L3R
PRt FR I ) RIS R I o0 37 1) A K e — 2 AR AR
{8 a6 AN ) (R O O 0 1 H ) F i 7% 1R
O PP 58 4 9 9 g £ R B,

T P 1Y A I 52 3 A LB 85 v oA W 1Y) 52
ToyamaZs N\ NFs KIE M (Lemna  aequinoctialis) 14y
B3| —FhEEBRE5 N BT 1 (Acinetobacter  calcoaceticus
P23), Y4B H5IF L SR R o B AR KR ML, ae-
quinoctialis) B I(L. minor)FIETE(S. polyrhiza)i)4:
Yredes3.8~4.3, 2.3~33F1.4~1.5f%. HAJLEER
2#(Hokkaido University)Masaaid MorikawaSZi6 2z N H&
M. minor) 1438 WIS/ INFEHUFF B (Bacillus - pumilus
MRB-10). AT (Acinetobacter calcaaceticus P23)
B 1B L P (Pseudomonas fulva Ps6), 4 EA 15
(L. minor) BRI REAS R HA: KR =2.5~34%. 734h,
AT TR IR B8 50 /N SERAT 1R (Bacillus - pumilus MRB-
10)FIASBIAT R (Acinetobacter calcaaceticus P23)FH2HL
A5 0 E (50 kD) FIEAN 2N R BUAE P A K
P55 (plant growth factors, PGFs). S7EIFMER IR PR
IR 50 pg/mLIYPGEsHT, I7M g IR A 5 S 4t
15 T IE40%. HETHHOCHITR R C 44 H A HE LR R
PI(EF S TP2016069474AFITWO2017002929A1).

3.2 {RMNIHERE S

AR ASR R T IR o A PEAEE, (HE AT
E B e T SRR E G D7 e 50
o, W5 E A B INEDTA (ethylene diamine tetra-
acetic acid). EKZE. Fe’'. Fe-EDDHA(Fe ethylene-
diamine-N,N’-bis(2-hydroxyphenylacetic acid)). 8-7%%&
W RS ) R BEAS5 IT R TR AE O,
N SRR SRR, B4 Gl I A 3 Fngi
KR AR S R PRI AR, LA R 2 5 LR AR B
TR R T PRI AE; A5 B0 AR i
PREEFEILFHAS 120 umol/LEY/K G ERERRE L1551
(L. gibba)FF4t., {Efd FH AR SR 45048 T ITTAE3(45%)
BTSSR A T Y IFAE26(39.37%). FudE AV
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FHER R LR EAE S THE MW, gibba 77411
F(L. gibba 5504)JFAE, HHNESN20 pmol/LKIGRRIN,
PP P AL R 5 5 = 811 73.5% F154.1%,  H Bl
fift H AR FR LG SR BB 5 2B V(L. gibba 5504)
FEAE, (BHUTARRERINSE S E L. minor 7210)JF1E.
AN, AR BT (L. gibba 5504) WHEVEARE £, 2019
9 H TE LI HIZE IS SR EPRE R & B, HARZR
K Tokitaka OyamasSZHZ fRiE, FFLi Gt f H IR
(9/15 h)FIH H B (15/9 h)Z& 4 TR IS pmol/LIY /K A% 1
HRBES T AR BE(Wolffiella hyaline 9525)JF4E, 1M J
THFEW. hyaline 7378) RAEM H BEAF T &M
5 umolV/L/KIRAL BRI FF4E; 34, &K H A~ AW
B HUKH IR FARREAE 15 2 BE(L. minor 5512)TT4E.
TR R 2~ (Rutgers University)Joachim Messing 256 %
I, #N75 umol/LIKEDDHA H 4 J# 54—k gt fef 15
FEILRENETH FIEMEW, microscopica)JF 1€, FFAEHSH
H129%; FiAk, WAWRG G M (L.gibba G3)IFFIER
AIIRE]100%, dREHE ™ ERTF, HAESEFRE3 KA
70% ) MA = A= Fh -

3.3 FENSERY AP T SR

FEMEAMATUIN . A PG AT R AT R AR R B
B, fETAEA RAPRE R AT R IR AR I, 535,
R AL AL CRE S AT R A SR 2R, DL S
TEMEI A A IR A2 2 A 2H 2R TR T i) M 1
R, PR SO A R W R IT TSR BT, Miwa 6
VOV YRk HE DU R T A A R AR 3 5 S IR T
CCAI(Circadian Clock Associated 1)IER )5 s T-RlE ¢
JCRBEAEYI RN, TSI H R PE S -
HH(L. gibba G3), FFEDLMAIF T4 dNERREMS WIS
FNFHP(L. gibba G3)CCAIFEN HIHMAYIL24 WER
W, SR 2 W H IR -7 T (Lemna
paucicostata 67461 LY RS E M BAR ST FE(L.
gibba G3FTE—ER 225, (HRRR LY 1 HARAE)
SRIRSF; T M GI(GIGANTEA). ELF3(EARLY FLOW-
ERING 3). ELF4(EARLY FLOWERING 3)F1PRRs
(Pseudo-Response Regulators)[a] 5 3E R 7EREE (195 ]
WA T W RIS P TR AR A W R RIE, H
LHY/CCAIFEPNELH FZIRAEIF L KR AR ST
FAE—E R 25, XRIEYEY R LI
IR R PR Rl 2 [ DR ST AY, TT ELAE S5 AR )
SR Z A AP, Miwa % AU EsE
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Table 1 The induction of flowering in duckweeds

IR PSSk iR ES SCHik
Lemna gibba G3 FEOLIIE R E 3 d 76% [52]
Lemna gibba G3 14/10 WG BIZAEF 17 d 22% [53]
Lemna gibba G3 3.2 umol/L/K 5 R+2 umolg;z g;};z%cig)%fgs W98 diE 32.8% [54]
Lemna gibba G3 3.2 umol/L/KFIR, FFEt IR IR HIT80% [55]
Lemna gibba G3 288 i Hunter st FR 5L (BNH, ), $r20GIREE7R4~11d HBIE80% [56]
Lemna gibba G3 1 umol/LAEFF(1,2,3)eme-7-#7 A FH R FH i #1270% [571
Lemna gibba G3 PACFR L AR ER+0.1 mg fw/mLAiF7K 28U 2J20% [58]
Lemna gibba G3 TR 5 100% lii?;:;?Ul\fvs;;%y
Lemna gibba 7007 14/10 h, 4b¥H17 d 59% [53]
Lemna gibba (Obrov) 20.25 umol/L EDDHA, 16/8 bt /& 5% 40% [59]
Lemna gibba AR FREEE IR, USIN20 umol/LIY KR 45% [60]
Lemna gibba 5504 P B RS 22 B3R 54(77 80 mmol/L NH,NO;), 20 pmol/L/KAZ R 54.1% [61]
Lemna gibba 7741 P B 22 B2 3R 3 (480 mmol/L NH,NO;), 20 pmol/L/KAZ R 73.5% [61]
Lemna perpusilla 25 mL 1/105% £ ) Hunter’s K FRSECRANINEENY), 8/16 hotJsI AR % 57.4% [62]
Lemna perpusilla 6746 23°C, (13)0.25 (10.5)0.25 ht:JEI 8% 5% HI140% [63]
Lemna paucicostata 6746 3.2 umol/L/KAZIR, 10/14 h, 27°Co&1F F %5+ HIT60% [55]
Lemna paucicostat 151 3 umol/LZETIF(1,2,3)WEme-7-B At FF ik FP HBIL70% [57]
oy maetialie) SR FIGG J< 1 LR 40.1 me fwimL A FKHLR £130% [58]
Lemna paucicostata 441 PREHL LS FARE+0.1 mg fw/mLiiF/K$EEU) H45% [58]
Lemna paucicostat 151 PACFRRY G AR +0.1 mg fw/mLii /K2 HAY) 2150% [58]
Lemna paucicostat 151 30 pmol/LIVA AL Bl I B IR R HiT60% [64]
Lemna pacicosiat LP6 pH 44,32 “mol/LﬁtPﬁ%O.ﬁéz/gu}rlr;élj/ﬁLj ;H-*F%’ﬁ%ﬂ;%i%??%m 4.4, 93.4% [65]
Lemna paucicostat 6746 107 LK, 8/16 hotJaI i HR70% [66]
Lemna paucicostat 6746 3x107° molV/L/K#iR, H3RKIEFE, 16/8 htJHH 42% [67]
Lemna minor 6573 14/10 WEEM M R H3E26 d 33% [53]
Lemna minor (Dokleovje) 20.25 pmol/L EDDHA, 16/8 hyt:J&] 1] 44% [59]
Lemna minor (Barje) 20.5 umol/L EDDHA + 47.5 nmol/LZEFIR, 16/8 h'JiH 62.2% [68]
Lemna minor 5512 FUWFA (KNO; 1 FEEIL TS mmol/L), F782 6 RE 5535 - IZ?Ei?%n%ii:ii;
Spirodela polyrhiza (Zvirce) 20.25 umol/L EDDHA, 16/8 hytJEH 28% [59]
Spirodela polyrhiza (Dobrnic) 20.25 umol/L EDDHA, 16/8 hyt:J& 1 30% [59]
Spirodela polyrhiza 3x107° GMIFREFE, HEOEIREEFR27 d 13.3% [69]
Wolffia microscopica 100 pug/L FKZEK, 20/4 htJEH 63% [70]
Wolffia microscopica FKZE+10 mg/L Fe-EDDHA 92% [71]
Wolffia microscopica 107° mol/L 8-JRHEMENK, 16/8 hG /L] 75% [72]
BRI (Rutgers
Wolffia microscopica 75 umol/LAYEDDHA, 4 J& T e — YT fif s 32 3k 29% University)Joachim
Messing S50 %
Wolffiella hyaline 7378 5 umol/L/K %R, Ji H I& H ZIKSJ; i{l{;&éﬁaka

a) “="FR P ORA R
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SR BT SR A= 5 AT 5 B T A

ZJ5, HAZ 5 K2#Tokitaka OyamasL 4 % F1 FH 7
MAE A R TR R, TR T — RS
TAHE. Serikawa N7 ik S 1) g A% 2 H R BOAIE T 75
Wi(L. gibba)LgLHYHI. LgLHYH?2. LgGIHIF
LgELF3HIFER M INRERSFPE. Ml R B, i kikixaq>
HE IR RE S i H rh— A B 2B AR YT,
il 5 I R Lg LH Y H 29 BE % 52 Wil I A7 ik PR 474
P, HLgGIHIZAMKIN JLFZETFH (L. gibba) A
WA, XN EL 2 LA R ST LHYH 2D RE SR B R
U R T WA LU R S Rl 2 ) A= 5 A 25
Sk, Muranakas A IXF SRR, (245 L4(S. polyrhi-
za) PHEME(L. punctata). (L. gibba)~ FilkiT
MA(L. aequinoctialis) FEM(W. columbiana)d Mk Z )
AT TSR, U R T At CCA A Bl 1
T K ZmUBQ IS, CaMV35S)5 sl 1l &8 6 R WAL 2 Y
YRR BRI N MR R TR, 12/12 WG W%
RO TEMRR R P ALCCAL: - luc FR I SR T AR
LB AT, (AN TEERR R P ZmUBQI - Iuc # A H
PGB R, FEEOGIRAMETN, ARITEEHR R T
AtCCAI::luc” ZmUBQI ::luc FICaMV35S: :luc BT
TR A T AL, HANFERR R Z [ 0 A b
WAFEZES. BN, HML. gibba G3)FIFEM(L. gibba
PSL)HIALCCAL: :luc ISR HAFF R —5, (EARIKIF
FE(L. aequinoctialis 6746 KIEFTE(L. aequinoctialis
NAd) PR BRI ALCCAL: :luc" FIZmUBQI : :luc =435
S, RICNHEIKTFEME(L. aequinoctialis 6746)1
AtCCAL: :luc B R FE %8l H AT — A i, H
FWKIF (L. aequinoctialis NA)AIAtCCAI: :luc JS0L T
AR EREA SN S AR RAA
[FVE P b 22 ] — A AN R R 3R AR B 9 22
KA.

FETF V7 M AN W B L #, Muranaka%s
NPRIHEL. gibba)lERBHTEHIIF L T 2k
WENHIG RS, ARG  H AL L. gib-
ba) M RAAR (T 2SR - 2 1 200 JfLRTIH PR 200 i) DA T ek 9
FeZ LN 555 Y6 [ (green fluorescent protein, GFP)
B, B E R TR A SR (EM-CCD)AH
HUARG I IR A | B K0 A, S Se B AR Ak v B4
(AP AR I AR . R B B A ) RO LR &
45, MuranakaFllOyama™" & BRSO IRSHET, 528kl
ke r %) 248 LA DA B ) 2 IR 3 e ok S e iy A/ B
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5E, FLE MBI (B2 B YT R N R Y
S SE AR AL O ARG ST, RSO RS DR AN A Y
TR SIS ENEIE, LME S R4 Yy
AR — 3k, RIS AR A T R A T AL
WA T 47K . 25, IsodaflOyama™ it — 5 F|
i TCARBITENE- i AR M (Wolffiella hyalina)fEMAE
YIrhRk, ST B KT (8 B AR AR A B A

4 PRI

HAl, A0 FE s fa it ik RO &
SE(F2) S SRR AL AL ROR T B A Ak
Bh RITEPNEFIRERRE . CBE T Ak s, ik
FERE SR A pH . RIS SR, b P (L.
minor) M (L. gibba)iR AL AL ik M. Yama-
moto%E N\ YA S T AT A §(C58-2707) 5 3
(L. minor)FNTF (L. gibba)WistfL i ALiR R, A1
A 58 A W 4 Ak B T A A1 2 — B 2 8L (B R “No-
dules”WE ARG BL,  FFAEARAT R B AL 5215 57
FEPASN00 pmol/LIY 2.t T 7 [l (acetosyringone, AS)
AR E AT ARSI, BT YamamotoZE A\ 75
2, CoxZ A, Sun A FINguyenss A M43 Bl 7E T
ML, minor)H ik T N REHUIA(mADs). FEHAAN Y]
H R WE B E 1R85 it 8 27 1158 2 (Haemagglutinin, HA)
FLPA. Chhabras APYETFHE(L. minor) L5 AL B
W LI SRR TR B M pHIA R 5.2, LB5 IR ) 0] 47 i 2]
3d, FFAIN0.2%AYE B i MR (ki 20) fle A
FFERRTY, BE L. minor) iR EFEALBCRIE E 3
3.8%. Canto-Pastords N\ FilFirsovas AP e — it
B minor)iB LA I, W5 rh 34 A fh 44
VERIZYRTRE, AFirsov 25 AR08 2 B T 71,
fii Canto-PastorZs AW 111200 pumol/L i 2. fk T 75 i
TG, P B IR R A B R MR A T, (i3
AL AR N 6~T A i i BNS ], 345 T 59% 1%
AR, Gasdaska®E NIRRT —EIFHERIA R
4 (Lemna Expression Systemz{# “LEX SystemSM”)H
TR AR, Bertran NPORITIZ RS R
U)K THS BRI W b

Rival A I vVunsh2E A2 do Fil I A 05 414 UE K
(RYRP RIS T/ DML, punctata) BG40 T
. RivalZ AP S H AL DA 3% dr @ 1 28U PRk
HE5RATHEILETR, BHEHALRCR L 25%. Yang®F
ST T ARFTHAN FRILEPES. polyrhzia)tasE AL
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Table 2 The genetic transformation of duckweeds

o /IR 564k

Bt ik

RYHIR

SN

Spirodela polyrhzia

Lemna aequinoctialis

Lemna gibba

Lemna minor

Spirodela oligorrhiza

Spirodela punctata

Wolffia arrhiza

Wolffia globosa

Wolffia columbiana

i 1 1

o

e
it
Bt
it

HYJEEAAT 1 Agrobacterium tumefaciens
(LBA4404)

HRAEAAT T
Agrobacterium tumefaciens (EHA105)

HRIEAAT T
Agrobacterium tumefaciens (C58-Z707)

HREARAT IR
Agrobacterium tumefaciens (C58-Z707)

HRAEAAT T
Agrobacterium tumefaciens (EHA105)

HREAKT B
Agrobacterium tumefaciens (C58-z707)

HUREARATIH
Agrobacterium tumefaciens (C58-z707)

HRFEAAT T
Agrobacterium tumefaciens (C58-z707)

MRIEAKT H Agrobacterium tumefaciens
(EHA105)

HUEEAAT I
Agrobacterium tumefaciens (GV3101)

MRS AT T
Agrobacterium tumefaciens (CBE21)

Lemna Expression System (LEX Sys-

temTM, Biolex Therapeutics, Pittsboro, NC)

HREEAAT T
Agrobacterium tumefaciens (EHA105)

MRIEACKT T Agrobacterium tumefaciens
(EHA105)

HRBEARAT I8
Agrobacterium tumefaciens (EHA105)

HRIEEAAT I
Agrobacterium tumefaciens (EHA105)

HRIEAAT T
Agrobacterium tumefaciens (EHA105)

HRBEARAT I8
Agrobacterium tumefaciens (EHA105)

MR
Agrobacterium tumefaciens (EHA105)

MRBEARAT IR
Agrobacterium tumefaciens (EHA105)

HOREARAT IR
Agrobacterium tumefaciens (EHA105.
LBA4404)

S A

MRBEARATIH
Agrobacterium tumefaciens (LBA4404)

HEPI A

Callus

Frond

Nodules

Nodules

Frond

Nodules

Nodules

Nodules

Nodules

Callus

Callus

Frond

Frond

Callus

Callus

Callus

Cluster

Cluster

Frond

Frond

Frond

Frond

Auxin reporter gene,
cytokinin reporter gene

Phytoene desaturase gene (LaPDS)

uidA gene

uidA gene

Cytochrome P450 710A11

Human monoclonal antibodies (mAbs)
MDX-060 synthetic gene

E1 endoglucanase gene

Avian influenza hemagglutinin H4 gene

uidA gene

2fp gene

M130-B-glucuronidase gene

Hemagglutinin (HA4) gene

Porcine epidemic diarrhea virus (PEDV)
spike protein 1 gene

The sterol 22-desaturase gene
(CPY710411)

Glyoxylate aminotransferase (SGAT)
AtAGTI

Aprotinin synthetic gene

gfp gene

Antitnfa-scFv (anti-tumor necrosis factor
alpha single-chain variable fragment)
gene

uidA4 gene

Cytokinin reporter gene

Auxin reporter gene,
cytokinin reporter gene

gfp gene
uidA gene

uid4 gene, reporter gene

(6]

(8]

(82]

(82]

(8]

(83]

[84]

[85]

[86]

[87]

[88]

[89,90]

[96]

(98]

[99]

[91]

[92]

[97]

[93]

[94]

[94]

[93,95]

[95]
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AR R, ZIE LASETE(S. polyrhzia) B4 A= YLkt
Bl EeEn AL AR5 13%. KhvatkovZE AP FiiHee-
natigalaZs A\ BIEHEST T e E(Wolffia arrhiza)MIETE
(W. globosa)WistfL itk ik, A2k R L
P — PP 2L HRGE R “Cluster”)WE MR Y bt AL, (H
T8 “Cluster’ By A I 2/ DT E4MH, I FEMER
P B AL RN, HABCR AR, Boehm%
NIRRT TIEFEW, columbiana) BT 22 (L
FEAT), A AT (b Te M A s A5 e AL RO LR T
A A, (RS AR B A 3.9%. M TIF
PRI AL AR BRRE RN A SR I BEACHORSE T v=n A% 1 ZH 2%
FAR R, Ko N FIBalajiz N 72212 B H 00 IR ik
VERZYRT R, i 3fAs T ML minor) /DA
(L. punctata)BIFEAAERE. 5341, Ko NPT%f iR it
FTZ b B SRR AT IR A2, T Balajide N7 B2
o F SR M RARAE R R AR IR 295 % 1 AR, i
HABAT A IR 232 O b 3 - RAR AR e B TR R P L
A ERAET. Yang®E AUV HE— BT T ALY
TR IR Ak, 38 DR AR A 2 ABE 2F )
BN R B ZER A, AR IR AT E R
RU A AL H Y. Lings A58 i R A0 3 Tk
#H37 T CRISPR/Cas9 T WM K7 ME(L. aequinoctialis)
FER G IR R, A S~68, b m
K94%. FarE =AM AL AR R I TR EAE A (1)
FE DI REMTSE,  LLCR FHAE ) A= W) He AR A T ¥ i oL
R B TR, R AL AN BB Akt S AN [
HE S S AVBOR R RE IR, 3B KRG T st Ak
W, ARAETE MM v AT BRI W I &

5 EIRALY

5.1 AR

FEH A/ IMZI158 Mbp)EETHE(S. polyrhiza) &2
— A8 B R 20 T R, TR A A et By
SERe(F3) Wang@ AU OH AR X 42
(S polyrhiza 7498)iE4T T AL H M7, thF AL
PR, AU T = T 10% M8k, RKE o s
ATREFEE FA) T3, N LB A A A 7 R R 4]
(2% 5, MichaelZs A% b — A A 25 78 1 52 42 (S.
polyrhiza 9509)iF4T T IEHF ANy, 334 ARk
flscaffold N50$2H]7.6 Mb. FiFhAEZS AL HE(S.
polyrhiza)FEGRtSIERECH . G578 5. SED 41 H 54k
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PR GIAFAE— 25, FIangafis 3L 8k B A 2230
10004>, FEFE96/ 1 BE AT {F A5 A8 5. BIF9EI0 & B,
HM(S. polyrhiza T498)H 5 AT A AL K 1 #5
DUBALT0AS, AR T /KA AN S P A 141 R0 156745 8%
R4 SR B T2 IR ) 4 DL B L LR O T KRG 22
A5 X5 I AR A A B Ak G B 1 R 4 AR B mi R -
NALSOW)¥E UK b 251 22, Sk Se 9 5 S iR T iy 4k
BHL . R CRE S1 58 LA KR K A T D 2R I
AnZE N\ I = A PacBiolll 5 -5 XHERE(S. polyrhiza
7498)HEAT T I FIM T, S5 T HIRRA A L, 1SR
i T A, BN T TR P 995.4% 8 81 252k IX
Bl TP AR B A 74.6%, HEEREH 1870814
T SER, PR BE R K BE R N T 24.5%.

FHE(L. minor)FITFFHE(L. gibba) M Fit AT 12,
T AR Y Ao i FHSE S AT RE,  BF9E 3 8 Sext
PRI EHEAT T ZHINF. Van-HoeckZE AU %sf
FHME(L. minor 5500, 29481 Mbp)iEfT 1 L HLH I E,
IR 22382 i LA, P34 RE R B 2738 bp,
HE I S, H62%(E MM 17%). HAN, Tk
minor) LR A SHEERN . AYRBR. AEAEY
T A G A S AT B R R B, AT
JHie G HUE(GSs) FI AT 242 5 U (GO GATSs) i £ 1K1 43331
P REN2M214, B FE8S. polyrhiza, 7498)H 1Y 7HI
14y, REITFMEL. minor)TE AR WAV EY & R 7
T LEERMA(S. polyrhiza) BAPLH. V2 R W05 % (The
Cold Spring Harbor Laboratory, CSHL)HJRob Martiens-
senSLI6 2 W FE(L. minor 8627, #9800 Mb). Fi(L.
gibba 7742a, #7450 Mb)FIFEM:(Wolffia australiana
8730)HIAT TR AN Y, T A MR BHE AT
https://www. Lemna.org¥ i I

5.2 IFMEEE AL

TEVEM e S B o £, M HAERKE
B VEMRIER A B ST AH A £ R L A
BEAZHE. IKAAFRALFRRENE TS T 553 (S. polyrhiza)fKHR, H.
TERIRS AR SRk S WA B Fh K RL R 9
PR HE CHER 1 g gk Ml b BRRE S Y5 />
HEM(L. punctata) T PIIREE B9, DNITTSZ I 3E KT
PR SCHE RS 2 A W ORI 2Rk, fHi/>
MEEEFE(L. punctata)y KIEFLRTER. F A5 K BR, M
A5 Kb P SR | N TR PR TR - TS R A A L o 4R
AKAFTE, e ADPH] % HE(ADP-glucose pyro-
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Table 3 The genome and transcriptome data of duckweeds

TR W& [USIER LS SCibk
LH(S. polyrhiza) 7498 [100]
KPS, polyrhiza) 9509 [101]
LEH(S. polyrhiza) 7498 [40]
B R A FH (L. minor) 5500 [102]
FH (L. minor) 8627 Rob Martienssen
H (L. gibba) 7742a Rob Martienssen
FEH(W. australiana) 8730 Rob Martienssen
WS, polyrhiza) 7498 KR AL P [103]
IR ML, punctata) 0202 SR (b R [104,105]
DIREEM(L. punctata) 0202 SIS [106]
KL, punctata) 0202 A MrE [107]
Rl FRKPEME(L. aequinoctialis) 6000 A A [108]
LS. polyrhiza) 7498 Hhimin [109]
FHH(L. minor) - R A [110]
FHPE(L. minor) 5500 LSl [111]
AR ML, punctata) 6001 4 m A Iaa [112]
A RA HREPE(L. punctata) 0202 f=elSE| [113]
/AREEFR(L. punctata) 0202 AN AL B [114]
BHHME(L. minor) - Lzt Stel [115]
1Ci2H FH (L. minor) - ki [116]
FHH(L. minor) [ SR A B [117]

a) “="FIR P ARA M EAERE

phosphorylase, AGPase))J{F AR AT LT, [F
I R 2 A R o SR AR O AU i
WS DAL, punctata) P 5 53Ry FZSEE TR A= 49)
B ORI BE A R8BI, T2 5066 1E H Rl A
AR A R BRI A Fe ke 20 RO AU R
B EIKIF L. aequinoctialis)FHRIKAL S WY A IR
PR RIB RSk, RIS R I Sl . A 2 B Gk
Bl 2R G B N 3R R D3k, IRAUE A
VIRR TR ) 2 il £ IR 1L 1 (A GPase) B & Ve # 11Y
RS WA I, SRUMRA ST # bk B
(TS BRI S A O 2 i 0 AR 2 Y g
WA TS, polyrizia) ke RUGHCHIES T, FHIGAEE
FANESEFRI I, [RIAJEEE . Rubiscofl AGPasefifif
P K A B AR 5 1R BB BRI, ERMa T 55 (S.
polyrhzia) 5 A BRTREfg . AR, 20T
AMINIE (2 07/} S =R I QIR S PS T e 51 b TS 211
BE. ATPG UGN T16 ik . JCAERDGR

PR R AR B 2 2] 2 m Ehhan ik &
RN — 2o S AR A e A2 A D TR
Fik. XLELIRRY], FhHE N AR TR F
s A, B AU . TR A FE L KR
Joh3E (y FIBAR ST #RRE VS 77 b S DNAE R . ROSHL
DL e B 3 % g L P 2 e 11012,

5.3 FMEEA )RR

HuangZ NI FHE 42 e R 30, 830
T/PAREEME(L. punctata 0202)FF S 5 ER A Y16 K)
ik L, S 5EMERAEREESARE, 5
Ak, S 5AEEG E CEEREERR LE, REERAEYS
BRORE DG 2R3k = BRI, R BE SR ME T Bl Rk AN
AR AR L TR R BOEM R B AR TR L, X
SR BE s FE TR 8L R
PIBFR G SRAA BT TR s iE M A BRI T 3R &
AL, PE SRR — R RE IR R 0 &
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J&. HuangZ: A" EF I PSR ESE T 4 ioms kb
PSS/ DR ERE(L. punctata 0202)FL ZTENRIBLE], At
TR G BN K280 S S VE TR (ABA) Y&
BB R, N TEPEABA S BRI _EJHADP
AP ERETR ALY RIE, R HTEMm IR, ]
IR SR 3R 7 T IR R T R A I o iz JBfR 8 B3 4%, Su
ate NG ST U ATE S A B = O T
THM(L. minor) S XERIME RN, FRRA T (L.
minor) T SAFIEFRIG A A Z A A MR A R
kB, S REE . SRR A RIS AY
HEHEFERE T, 7546, PrEALBEES L. minor)W X}
BRI e py R EEAE L, IR T — A
HARH L. minor)T 2408030 O A BN T &
ML minor)BENGHE = W 2GS, (B WAL, minor) & S H
T 32 9 A A CIL AR i A 2. Hu AR AR
WA B, b 38 T R S AR A LR &5 =
TN, APEEIRR S N TS, ARG U
SRR It S B TR e T N TR R R AL S MR i, 5
A LR A G 1 S AT AR It = B s A, R
HE(L. minor)RENSH LRGN . FIERRAPUALY)
FORHCHUES A, BLAh, FERI IR T BE PR VRAR I,
FE M BRI BT T AN — 5 BE BB R P32 18 AT HR P
DLAFEMEREIR, BRI 1A R R T 2 BRI AN DA,
A A R HEAR (HONMR) RERS 7 SCAG S5 3 T
B minoryFRIEMERIEIAR L, FCHEH 2=/ N A
TF R R B e s T — P s e

6 FEPEEET /PR R AP REIR I
W2

6.1 IEMEMHITRE. WRDFE

FHE KL HERFEIKEMEY), &5
Wi . g REEFRYY, i, FRREY)
REs T BA B RN NG 7. I AR K IR
REAS LR I M rh 8 R W) BT (32 B TE A RN 1) Y 5 2
BN, RS FREZEEPEA S E49%
~20%, EFEF BT 524%~41%" . VT R A KR
BEmpH. DGR AR, EFE. MR, ke L
K AN R V7 B 0 IR A K5 5 0 BE 2 VR UE B
2RO g, R R TE IR P14 A, RS
(L. punctata)fHFER & A2.29% 4 mF)46.18%" . 7
KRR NS CRAE R, EWAS. polyrhiza)f BITER &
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ILAE25°CRi 114%, HFTA RSN T M. poly-
rhiza) T BTEAS  Ha B RE I 1A A9 Z2E 4 i 49 2
W EALHNHE FE 10 mmol/LIE AN EI30 mmol/L, £
(S. polyrhiza) (I TERS & M 13.4%H N5 18.7%! 4.
AN A ZS B (R A e A R HOR AVE R o B 2
SR, MaZE NPHRGE T 20/ E S R K IF (L.
aequinoctialis) =) TER & w FIERD " 122 R ROR,
e B IKIF(L.  aequinoctialis 6000)&— 4~ :4)
AR R IRATEN & BB R KRR, TER & R 28.68%
+1.10%, JERI = H94.39 £ 0.25 g/m’.

BIR AR R R R B8
B AR R B 1 BT I 4 A e et b (8 SR A3
G, EHEA R i i AR IR TR R £ I RE A B
AR g e e O L P A R A A
TR R B TR S T LU R R
IR, AR e R R BRI L s
PR 27 0 B 4 i G BERIRLIE I 10%~30% B0 8
TR, LB MAH R, MXTA KRR A IE
PET R AN B NTZ BT, S A 30%
FARE) HIGBTR . A AR R, 430 Ry Xk BREH 1Y
2.7H12.664%; RIS TR IE RE W E MR AL A R A £
A, AT TN, FLET (05 4 fa i Jk v A
BN REES N TR EING R IEASC. KA ITAE
OO 7 S5 AR R B SRR 20 ) 2 4 B Cy-
prinus carpio) ERAERE . PUEALFTHALEE J1 B2 A&
S/ E R = W B = i DA B IS G s
TS, YRR PR PR S KTy 14% 0 53
ARMTEEMEYER, JFaeitmakdiafbie S
TH LB ). AR R 3 3 0 i, AR A=
K% £50.422~0.073 g/(g d), Br=E21702.5 kg/tha H)
(FE)?, TR s s B T IR s, I
AR R 0 A M, 3R T AR ) 7 A ) B B
A TR KA R 7 T T R Y AR E R
Y, AR A S e, dn] DL B R
il Naga B i S

FEPRAETT A N WA E SRk I8 5 it BA7
ERMMMERNE J1, ff 22 Hb X 28 O S FF il 7 A
ST AR AT TR . 2019489 H FELL 112
ISR SR E BRIE R 2y b, FUMS T AR K% (Wageningen
University)F}2# K Jurriaan Mes#tii T AT HE(L. min-
or)Xf MR PERVE FRARPRASEm, & A IAREAE I
W5 (L. minor)H (W75 2 LR (Essential amino acids,



P A

EAA), JF7ERA2 WA IR B KAE; SR ML min-
oryWARIT AR 03, (R Wi R
FEAE R, T H R AT DA IR BV, /MR
TS (W, globosa) i SR IAFTER  IHEITHR
Bk BES). 4R BBELAgE. ZMSERYE, H
Aot NP EHEN DL @S Hinoman /s 7] IE7E4%
BITEIEH(W. globosa)VE R, VUKL FEH2 &
EEE N NIERAG T B IR (essential amino  acids,
EAA)EFHRIE, WIS, globosa)fin 44 A “Mankai”
HF AR E .

6.2 IFMEN TR IR A

TFHERE R e Y B BRI A TR
KAK A FUCR AR T R A YRR, o
Bt TREFIVR SRR ERL. R DR ATE A BRI
VRN A P H B PR T 14390+0.1 mL CH,/g!™. AbB
VG K G WG BKTF (L. aequinoctialis 6000) & 45 T K
AITERS, 4% BEAL P T 95% B SS RE % 1l & I8 M TR A,
52 40.17 g/g*. ShenE N IH T AT
GXASI137REEFA =953, #E1.3 LigHN AR
N as AT R TR, RRAE AR 257.85 ¢/LINBEHA
PR, AT B R K e T 5 7E2 LAEY) O
A RNS6 W, HREMA(L. punctata) K ffA =558
BRIV = 29°M75.46 g/L, 775 M82.87%. ilad ik
HRREASTE S AT V(L. minor) KA IENH(£950.4%), 2
J 1= (180°C) 52 I 458 i s [i] PR A1 28 W A 238 1] 54.93.4%,
A R R A B Ak O £ BE N R TR R R
55.2%(400.6 g/kg), #HMdiH[CsHSO;HPY]HSOLEH
MEALFITEAS K T SRR F F181.8% . Calicioglu
ax NI 2 W R e PERR T AL AN R T Ak R G A
PId FRAR KL Ay, H5c K PR g Ak BHL K K 1) T e
e AR, I ELE IR E R Wb 45 A0 T M 5
AW T R, R R R T e FE e ) e A
7 T51.2%. XHVRMERS KB REUE T A H &, fokr™
1 4169.30 mL/g(T ), HAIFH A B ™A RS /N
BREEIRSRAE I A 1 7 i et Lb S feff /N BREE Y  Bie
R T 33 s N TR R B LR
R RS T2, AT TR R Tl FLFF B (Lactobacillus
casei CICC 23184) Ky & BE R A AT K B 3L, Ak
PP AR B — IR, TR R R AL R ARt
REERAZE A 0077 AL R RV B T R IEARAS T vk g
MIFLIR, A DAV ROk & A = FLR i S T2

TR ZLE T Al

7 MRS RSP TESE

TR A AT B A A T T R R, AL
ALV AR BN R g Fg s AR, B N TR
HER . AYGRYS TS YBE . PR L
M RBE AL B B A i BB, £90.3~1.0 g/LAYIF T
AT AR BRI 75 7K #120~50 mg/LiY BIAfRITHLA, 5
HIE(L. minor)s BHW(L. gibba)FI/PAREFE(L. puncta-
ta)f L, (S, polyrhiza)XT R EHEREE, 4
2.0~10.8 mg/(L )", FIFH/HREEM(L. punctata, 0202)
AT IS G M FRKAR DB BE AL B, 28 b BV 2
45V K M v SRR BE S B AE3 AN BE S A B M
TN FAKbRfE, A BELBRAIYIE5198.5%H182.9%L)
BT O ARG B AR IR (Cd) . Bl (As). A
(Pb). K(Hg). W(B). ##(Zn). Hl(Cu) %i(Co)%4:
JE BB i, R e AU B SR 2
M RN DR LML, punctata, ZHO049)HKF,
MERW A3 mg/LA, MR B I IBCR AN SRR AR A
F66.74%F172.43%; FFHE(L. minor)AENS I T 24
(Co), & HmikF5000 pg/g(fif 5 ) A AR XS 7 = A B
BAEERN FFMWL. valdiviana) X0 ) 5 4 AT
BEN1190 mg/kg(T )™, LH(S. polyrhiza) W 1T
ZPEEK70 mg/LHAE KILFARZ#0" . Tirker:
MTITE 7 — 5 5 T 00 4 1) R I P 2
B, UHEML. gibba)Z#E T4 mg/LIINE W i a] 22
FR71%04980, 1 HIARERRS AT A A L, e AR
RHEN1.04V, TP HK17783 mW/m’. TEEISRETESR
P PRI G TR R K AR+ 5 4 75 s il
AR T-BE, AE—ERE FRHIEROETH b 5. K
FEkPARL RIS FF h 09 8 48 (CuIPb) & 1. IR piik g
g A B SR A Rl U ez U0 2R
Fo—S6 Tl Ak 2,

KRS RS 7 A 1 i R B R, RIR v
P b B A AN ) A 2 TR () U R 5 T W ) AR R
WAERE N 2 B, EREE NIRESE T BB
(TP TR O IR A S A KRB, BB (L. minor)
AP (S, polyrhiza)E A DRE
(L. punctata) & S5 HIHE 1158, Yang AT T
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Jingjing Yang, Xuyao Zhao, Gaojie Li, Shiqi Hu, Yan Chen, Zuoliang Sun & Hongwei Hou"

State Key Laboratory of Freshwater Ecology and Biotechnology, CAS Key Laboratory of Aquatic Biodiversity and Conservation, Institute of Hydro-
biology, Chinese Academy of Sciences, Wuhan 430072, China
* Corresponding author, E-mail: houhw@ihb.ac.cn

The free-floating aquatic duckweeds consist of the five genera, Spirodela, Landoltia, Lemna, Wolffiella and Wolffia,
comprising 36 species within the monocot order of Alismatales. They are strongly adaptable to various environments and
are widely distributed in a variety of climates all over the world except that Wolffiella species are restricted to the Americas
and Africa. Among them, Spirodela species have large a flattened frond with 5—11 rhizoids while the rootless Wolffia
species form an oval-shaped frond and are the smallest flowering plants. Duckweeds seldom flower and their rapid asexual
propagation allows them to accumulate biomass quickly. They usually bud new generations (daughter fronds) from their
reproductive pouches at the base of the mother fronds and the frond number almost doubles within 24 hunder good growth
conditions yielding the fastest-growing flowering plants. They tend to be associated with nutrient-rich or eutrophic
freshwater environments with slow-moving flow such as ponds, lakes, ditches, and paddy fields. While duckweeds become
more reduced from Spirodela to Wolffia, their genome size varies 13-fold, ranging from 150 Mb in Spirodela polyrhiza to
1881 Mb in Wolffia arrhiza. With the development of long-read sequencing technology, the genomes of common duckweed
species including S. polyrhiza, Lemna minor, Lemna gibba and Wolffia australiana have been sequenced and assembled.
The underlying molecular mechanisms and regulatory networks in duckweeds under different treatments such as
starvation, salt stress, heavy metal and radiation have also been revealed by transcriptome, proteome and metabolome
analyses for the genera Spirodela, Landoltia, and Lemna enhancing their potential applications in the fields of
phytoremediation and bioenergy. Furthermore, genetic transformation systems for some common duckweeds such as L.
minor, Lemna aequinoctialis, S. polyrhiza and Wolffia globosa have been established, and especially the frond
transformation systems have significantly improved transformation efficiencies (more than 90%). These characteristics
have made duckweeds model systems for several decades for the study of plant physiology, biochemistry, ecotoxicology,
and have contributed to knowledge of auxin biosynthesis, plant flowering and the circadian system. Duckweeds have also
been widely used for the treatment of agricultural, municipal, and even industrial wastewater because they can uptake
nitrogen and phosphorus as well as quickly accumulate heavy metals and organic pollutants. Besides, their accumulated
biomass is rich in starch and protein and therefore can be used for feed applications and biofuels. In this review, we
introduce the origin, classification and evolution of duckweeds, as well as research in morphology and anatomy,
physiology, genetic transformation and omics studies. We further discuss the application of duckweeds in food, feed,
bioenergy, and bioremediation. Finally, we highlight the challenges and future directions of duckweed research, providing a
reference for basic biological research and resource utilization.

duckweed, evolution, physiology, omics, bioenergy, bioremediation
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