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Research advances in vertically transmitted endophytes in plants
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Abstract: Due to the unique spatial and functional relationship with the host, plant endophytes are
known as the second genome of plants and have become a research hotspot of plant sciences and
microbiology. According to the origins, plant endophytes can be classified into horizontally
transmitted endophytes (HTE) and vertically transmitted endophytes (VTE). Among them, VTEs
have the potential to be further transmitted into later-generation plants through propagules (both
sexual and asexual propagules) to produce host effects. The behaviors and functions of VTE along
host generations are likely to be an acquired “heritable” trait of the host that can be applied in
agricultural practices for plant trait improvement. Therefore, in-depth understanding and research
on plant VTEs are of great theoretical and practical importance. We reviewed the research advances
in the diversity, transmission, and physiological and ecological functions of plant VTEs and
provide perspectives for future research and application of VTE resources.

Keywords: vertically transmitted endophytes (VTE); diversity; seed endophytes; host effects;

asexual propagules

) N A= 1 (endophyte) /&5 I S 7F HL AR 1 £
()4 TR B 20 B B B T AR ) 2H LRI B A
WA EE R GERR, A B ThRE!, Wk
7% N A= B (culturable endophytes) \iJ DL M 45 45 K 1f
THEERAE Y& B (A . 250 ik fE . SRESCHIF
YR B AT, Mg R BN A RE T
MERE 77 N 42 B (cultivation-recalcitrant endophytes),
TS 73 AR o R AT LRGN 1) 3k 2 PN A= TR Y
FAER,

FE ) N A TR BB A58 o KT 15 38 19 7 XA 3R
B ARAs, B JK P42 38 N A 1 (horizontally
transmitted endophytes, HTE); 53 — Fi I J& i 13
e B A% 1 77 SON B Y 3ieAs, B SRR
1% 3 N A (vertically transmitted endophytes,
VTE)!" . AHE P9 A B 5 18 FAEP Z G &
Al DLk — 2D e AT 0 O L 14 PN A= T (obligate
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endophytes) FIFHfeE: N 4 T (facultative endophytes).
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RUAR G R S e N A AT DU HLAE 36 2 F —
U, sk, RAIetE S = EEY, W
Ay, crsy . DA HOIUE R A
DA AR TR BB 8 DA T 4% 36 1) XA 88 25 AR
TetE BRI AERR . RIS, B DL S OTC P B A
g N AR T AT DLl i A AR R AR PR,
Z 5 EMR PR T IEHCEW R TP RUA £ 1A
WA A W RET% (plant association microbiome),
AT 48 5 L 4 1 A A R X A 85 ) PR ]
U TR RO B AR N A TR #2
FEYIER, S5 A Y PRCE YRR
(phyllosphere microflora)t*', [Kt;, VTE 14y
A A D TR W R O LA S Bl A E AR
T I IR B A A e o A A

1 MFANFH VTE

L1 MFrFREE VIE

T2 P9 A TR i R Wy () S A 3 1 2
B, M) AR A T R LA R PL R i
5N AERRNESCRGH T8
JF18 - Gagne-Bourgue 25U YE WAL BR (Panicum
virgatu) B 1" & B2 ST B (Bacillus) F AT B
(Microbacterium), X6 N A 40 B A AATAE TP
T, R HETE X SR R F Ik 1y AR Bk
TR FRFEAF AT BRI 2 . Cope-Selby 55175
LI O T IS S I 7 O R e
(Miscanthus sinensis)Fi—FH %) P A= 21 1 E 2R U
THREANAEME ., MEMHYER, WL
Jo 3 v ) 0 s 20 TR TT LIAR AR ) WG AR
W, SRR BT B N AR, O R N AR
i# . Thomas “E" Mt ML E T 7 ifi PN A 400 18 A o
HAREIA

IKFE(Oryza sativa) =58 R+ 9 A A 1 ELA%
R ZIINVEY) Z —. Walitang 2528 i Sérensen
T8 % A AR B | 2 48 RFE 43 A (nonmetric

multidimensional scaling, NMDS) & #t, F{tFh+
Hh R4 (8 N A 2 TR S R - Z R TE &
JERRRRLEE o X IR TR 7 A A= 4 T 1 ok
BEA 2ok, &R B vk, (EEAR
TR EE AR ;. Hardoim S B, M
FACTN v g B Ve 2 F R R MR
(Stenotrophomonas maltophilia) Fl V& V% ¥ i J&
(Ochrobactrum) M ¥4k F b —ACFh 5 KAgH
T NA T AU AR N A TR A BRI, B
KRR AL 25—, IF R BV
PR 9 4 O 349 A4 A AR, Wang 4522 H
lumina (=38 S FFEOR A TKFEZE . AR 22
(0 N A 2 TR AL TR L R IR AR 2 N 3 A 1
1B 5 it 2 i (Pseudomonas) Fl i 22 5 5 0 1 &
(Sphingomonas) 4l 7EZE FIAR N B AG TN 2] . K
AR, SEAUKRER BN A TR
PERERERR B K R B o A RE R A ZE, I
LN TFACFI T, RIS T A MR P T
FFACFPF 1 T ELAL

£ X K (Zea mays)Fh 5P A= B B AF 9 R4S
T IR AR o R x5 298 O H (green
fluorescent protein, GFP)FRiC N A= B A S 56 & 2R,
17 B J& (Pantoea) FIB 5016 B J DA B K Fb 1~ 1E A
HRFRPR, A2y HALZH 2L, JfH 2
A H R A Z BN A R IR AL R R ik
44%4 | SR N A TR T RETZE AR MR N E T
FEtEALEE . Lin SEPVRM, FRF TN 440
WA M CEA R T RBAAES M, dad b i
S 2 ENIOR I B, BRI TIZWE N
PROGAFAE, X B 1 Fh 3 5 A% 1 N AR T Y A
X RaE RO, [AlREHD, Ferreira 25U S1E i [ et
(Eucalyptus) i 28 15 4 (0 5 1 (GFP) s
10 1 i 132 T (Pantoea agglomerans), TEFN T4
ZEAK A R R T, R A Ay AR S A
L ] B3 L R ZE AR o A S A N G R B T Ik e
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FrF NI T PLS 50 e AL #5311
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uncinata N HZ2ACM R E DL HAZE =,
YR T TCEALRE DY, Tadych %0 E I,
12 9 i A H 4 KR S A (Poa secunda subsp.
Juncifolia)i¥) Epichloé typhina subsp. poae N 1]
DIREE Hb 3 ARG, 38 AT DL ) p gk A oKk
E4% . T AEE2F (Festuca sinensis) N4 FLTH 1) 15
&7 Xl BRI R 0 B NAE
W Epichloé fg 1£ I & K ¥ B & (Elymus
canadensis) AT B LR, IFAEMLEFE = A=
FaE s (LA 5,

IE4h, Hodgson ZFPUMRFoE A B, 6 FlikiA
) 127 B3 o o 1) i 4 QA ) S I e AL B Y
AEEE SRR R, N A T A
¥ 0 B (Alternaria alternata), ¥R & K g
(Cladosporium sphaerospermum)?§, iHTE X L
AKEY) 0 AL A R R T S AR A T 3], xR
W A LT RE RS TR AR 8 T e Jm IR A TG, IR
ATRE L WA TR E A IETE R B 7 T 7R iR
PN X — RN R B 1 MR SE TR AR
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Wy e R i 4 R Z2 80N A AR TR A TR
(3 NN [P 3 B S i3 b Gty 8
IR, KA T FRAT A R N AR
WA AT RE A %8 8T VTE 2ERF. I,
TP VTE ZERER sl 2 AR T 16 - A8
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R BT AA (B k) =z la) e = B S i B s, PRI
5T A% . Vannier 250D, —Fl s A A
Y (Glechoma hederacea) WAL, HilE T NAE TR
TETCPE ve b e AU A AL, JFIR AR T
TE SO AP h 3L N A O R AGR AL RE : AE
FERE IR HE Y B AT, B AR Y
R 3 A A 240 R R L R T o e LA R 4 T REAR
FERAR BT &8 A AR, Tty 2R T U oR
1R 25 IR A WETEIRSE, 7 N AR T I o
AT E AR S R, AR i
BEBL . Luo SFUVRIHIZR B st RAFd B g 7. T 3l
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Figure 1 The dynamic sources and transmission of VTE in plants.
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BN AR AR R, ABE N AR
e R AT R T % 9 T A ST B N AR TR D
ST 44 NAETEHEAT L ZEFAERE R A
2, SRIGTERIE B bR G 58 5 B AR I 2
A TR AR I A B N AR TR S E A G, T
TEY) & & R v s B R E ARAS, IR Hrgt
T

Xiang ZECVH] e m i R, B EESE
T TR A 2 5 R B 2 (Vitis vinifera-V. labrusca)
FIREEER (Vitis vinifera L)ZE935 5 1) O 4 Bx
B, ZRHT . Rk B AR AN [ B B i N A=
HAAF S, RBBEE M AR, B
H A% O N AE TR R S 3 A 0T 2 FE T s AR R 1Y
AR ZEaRAnt e, g5 R, AR Bk
R ) 25 T 25 AR T A% 346 B P 1 2R AR5 T I 2 8
N AN W 4k AR Y B 0K 8 5% A BR (in vitro-
cultured plantlets, IVCP), &L T F & #& )
VTEs. Chen %5111 WA 45 A8 Bk vh 43 B9 55 9% 19
VTE Wk ZX-2 (Bacillus cereus) {3 5 A2 H 3
SR IR A TR A, JF A X ST R R L
HWEFEAR, AL AR ZX-2 B RR X 1 A A A
PR AERREGSAE T R, JFAETE £
ARSI RE , o IR S AR B A 1
B TR, 2B 5 TR I AR A I A
A N A ] IR n e A, XA H I
ok B A TR AL VTE B, dEmiife/s1e
SERERFAR R N AR T RFAS AR A 1 B AR

3 MY VTE W % FEi

3.1 ¥ VIE D ELE

HET, £F%HHEY) VTE (9% E, FERE R
WA R RS 1S )7 51 (amplicon
sequence variant, ASV) & 75 [A] B} 7E 12 48 4 1Y Z 5
PN F AR AR A2 AR o 3 2 9O FR 10 ok 2 e
VTE® U —Fp A Xt B =, (HaX Al ik —

AR BR Tl B IR N AE B, X VTE FIHE VTE
TE 53 24 MR W 2 R AR b 110 22 S A SR AT A B
Zo KRR F&H, WAR SR SIEERIAE N
RGEIRE ST, A v REHE AR W R BOH
Tl BFE A, Tk — 2D B TR T RS 3] AUk
AN TE] g B MG, el AR . PRI,
& A # 3 U4 (contain mobile elements) i 1% &
VTE M — A HE % E 2 AR &0 H8 450
J&, WHE—1E Fhre It $En) VIE witk, 1k
718 E PR M UOR R LA R, ik
e BB AU
3.2 18 VTE MR A4

MY AR NP K E, REHE R
SWNAWER Z A — 80, A4S B AL
B FLB LSO A

HAET, A 5K (Sedum alfredii) . Fiht
(Eucalyptus sp.)"'% . %5 %j (Vitis vinifera)™ . 7K F
E K (Zea mays)®V . W B R
(Panicum virgatum)" VR W) 0 Fh 1 K o B 5
R BOFSOE N T 2R AL N AR . R,
WF9E N B AR B D 55 (Achnatherum inebrians)®
7 B (Lolium multiflorum) 361 9} K % (Hordeum
brevisubulatum)P* | %W 5 (Roegneria kamoji)P"
SGEARABHEY T, W& 3) 1l ALY
REL Epichloé WHE HLIA

TEJR KV |, M) 3 A% 33 N A AR
£ b T BRI B B (Pseudomonas) . 12 T &
(Pantoea) . [i¥T # J& (Enterobacter). 18T # J&
(Microbacterium) . JE2FHIAT 1A J& (Paenibacillus) .
AU IS (Bacillus) 55, AR 54515 1 N A=
O W A B A% R (dlternaria) . K )@
(Cladosporium) . BRFE T J& (Mycosphaerella) . [z
BRI J& (Cryptococcus) VA S Epichloé J& % . M
TNAAEMNA B, CTRY SN
AR TR B B Z . BHF D HRTEAR

(Oryza sativa)®,
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SRS oy B IR E T AR RE RS S B

IERNET O A SO G5

(U

®1 EYEEERREANEERELIEE

(Streptomyces). i K [N & (Nocardioides) . %
Wi K & (Pseudonocardia)“5(3 1),

Table 1 List of the genera and functions of plant vertically transmitted endophytes
NAE TR VTE & EEiLY] EETIN Titig
Endophyte VTE genus Plant Carrier Functions
A AN 1Z W)@ Pantoea JKFE Oryza sativa™ FfT-Seed Y HIMIELZE Regulate plant hormones!**%)
Ty g p
Endophytic K Zea mays™H ¥ Seed  [EIAMEM Nitrogen fixation™"!
bacteria Kebs Eucalyptus sp.'® ¥ Seed  PPk#EAAK Produce siderophores®-3%4!]
HASEAE Y)409% Pk Enhance plant disease
resistance!*?)
PRS2 K Promote plant growth!!623:38-4043]
BT KA 0. sativa™ FhT-Seed  [& % FH Nitrogen fixation?*4
Xanthomonas KR Sedum alfrediim R PEEREAR Produce siderophores[44]
Cutting FEFEHL YA K Promote plant growth!
At S KA 0. sativa*” FiF-Seed I HIMIELZE Regulate plant hormones!*®+3-4¢]
Enterobacter VIR HE 71 Phosphorus solubilizing abili [471
P g ty
FEFEHLY A K Promote plant growth*4)
L R S JKFE O. sativa®®! Ffif-Seed I HIYIELZ Regulate plant hormones™”)
g p
Pseudomonas & & 1€ ] Nitrogen fixationl*%>%!
kAR Produce siderophores! 7499354
WS BE 1 Phosphorus solubilizing ability®>8!
HASRAEYIPTIR 1 Enhance plant disease
resistance!>*%")
RN RER KR O. sativa™ ¥ Seed -
Sphingomonas % Vitis vinifera[g] 222> Shoots
TR EIE WAV vinifera® 2542 Shoots  —
Novosphingobium
T B KRG O. sativa?”! ¥ Seed -
Microbacterium WA RR Panicum ¥ Seed
virgatumm]
KA R Kb Eucalyptus sp.1'® FlT-Seed  fEFEHEY/E K Promote plant growth!'®6!]
Paenibacillus K Z. mays?! Fl ¥ Seed  MEURAHYIHUHIIE Enhance plant disease
resistancel?6:6%63]
JEREEETIAT MR Eucalyptus sp.l'® 7 Seed -
Wi Paenibacillus
humicus
EN77E2x) ¥eW} Eucalyptus sp.I'® ¥ Seed -
Enterococcus
mundtii
HEAT R Kt Eucalyptus sp.l'® FhFSeed  fRIFHEIMA:K Promote plant growth!®+¢7
yp P p g
Methylobacterium &% 5 4 J& il 57 Enhance heavy metal
tolerance!®”
W W& Clostridium £ Z. mays™¥ FhFSeed -
rh AR T F1#il4E Sophora davidi®™ — FfF-Seed  IEFRMIHIPTIE Enhance plant stress
Mesorhizobium resistance!®®)

P4 actamicro@im.ac.cn, 7% 010-64807516
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(E=3))
AT VIE/® fii EAEY) EAE it
Endophyte VTE genus Plant Carrier Functions
T R #i%5 V. vinifera®™ 243 Shoots  —
Cupriavidus
FHIRKHEE %5 V. vinifera®™ Z£R Shoots  —
Ralstonia
FHMTEE KA 0. satival® i T-Seed YT Z Regulate plant hormones!”! 74!
Bacillus et} Eucalyptus sp.l'®) ¥ Seed  [EIAAEM Nitrogen fixation 7!
WAL P virgatum™" ¥ Seed  F*k#kA Produce siderophorest®®’™
L NZ Opuntia stricta® b1 Seed  Vf#HERE 135657
it Solanum hTSeed  HESRAEYIVIRTE Enhance plant disease
lycopersicum[69] resistancel>*¢%767
e B Oxalis FlT-Seed  fEHEHIYIAE K Promote plant growth™#]
corniculate!™
WV vinifem[l’g’lz] FhF Seed,
FFfikL
Cutting
A FLTA BEAR TR WRUNT B Senecio Fff-Seed  fEHEHIHIE K Promote plant growth!®)
Endophytic  Alternaria vulgaris®¥
fungi K41 Plantago ¥ Seed
lanceolata™"
A Rumex acetosa®”! Fh¥ Seed
HRZEPE 2 Ageratina ¥ Seed
adenophora'®"
%5 V. vinifera®™ 252 Shoots
Epichloé ARAF} Poaceae!™ ¥ Seed  MEHHAMIA K Promote plant growth!! 848
(Neotyphodium) TNEE R EAZ Elymus fh¥Seed  BREEMYGAVEH Improve plant
canadensis'™! photosynthesis*!:%4!
[ 55 Achnatherum flF-Seed  MSWRAHYPII M Enhance plant stress
inebrian™ resistance!®*"]
WK% Hordeum FhFSeed  Azym Iz FARIANMEMRA: Y155 Produce ergot
brevisubulatum®! alkaloids and quinoline alkaloids®®
53 Festuca Fh¥ Seed
arundinacea™
MK Lolium ¥ Seed
multiflorum™®
Poa lanuginosa poir™ Fh¥ Seed
Poe bonariensis™ ¥ Seed
SHEE] FEISHS Pinus radiata™ Fif Seed -
Beauveria
PRy & Erysiphe  #%5 V. vinifera[s] 2843 Shoots  —
e KRR S. alfrediit”? FFdiAL [#5 L /F F Nitrogen fixation!**0-91]
Rhizosphaera Cutting s fit#HE 77 Phosphorus solubilizing ability™”*?)
4 V. vinifera® 2543 Shoots  W4HRAH YT : Enhance plant stress

resistancel”>%!

(firsk)
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(B 1)
AT VTE J& (EEEEY) EAE it
Endophyte VTE genus Plant Carrier Functions
Davidiella HWi%G V. vinifera™® 25k Shoots  —
Rk Ja 2L 22 4 adenophora BV Fh T Seed -
Cryptococcu
Kift)E RAA5 Centaurea FffSeed  fEHERIYIE K Promote plant growth!®!
Cladosporiu Cyanust¥ Bi AL BE 7 Antioxidant capacity!®”!
AR Papaver rhoeas™" FhF Seed
M A Centaurea Fh¥ Seed
nigra[34]
P 4 adenophora® Fh T Seed
% V. vinifera® 252 Shoots
AR E R KSR S. alfredii”? ENEiL>3 JE A E K Promote plant growth!”]
Endophytic  Streptomyces Cutting HASRAE AP Enhance plant stress
actinomycetes resistance!”!
Feir R IR KHRKS. alfredii” FFAdRL -
Nocardiopsis Cutting
{87 AN KREFKS. alfredii” ERRLIL> -
Pseudonocardia Cutting

— FORPAAEIITAE

— indicates that this item does not exist.

3.3 184 VTE MIThae S

VTE J& THIY N AR AR IR ISRE, %2k
RENAERIBR TR R ZREvESh, Thfig Bd A
AZFECGR 1.

) N A T AR A A A K T Ty 3
HEEMO, G, WARRRE NS Y
X OREEE FROUERMNA . BEMIERAILRE S, A
1A AR PR L B IR 0 3R . ok, WAETH
W BEVA TR EOKF, O R e R AR
M5 — EE R . WAER RSN —ME
KHEMYIHMENRE S, W ERE. MR
RMRE R, XU Y A KA
T AHE B CHEMEM. B, —ik
T A a7 A - SR PR T e - 1- R R Mt 2
fit}(1-aminoeyclopropane-1-earboxylate-deaminase,
ACC iz, iRk ACCD W) HIHE I8 20
KV, BEMAE SR A KPR A T

P4 actamicro@im.ac.cn, 7% 010-64807516

AR, ek £ R (indole-3-acetic acid, IAA).,
Bk . A SR (hydrocyanic acid, HCN) %5 5 2
Vi 7 e o S 3 IR O i< B 7 e o i T e
Al P TR R ZE LA TR S e EAE ) RGP
I YIZERE, I, 35X 2 AT e A 240 T 2
W UL AR A R AL N AR R ZORIEN 2
R, X 2 AR AR Y R A Y P
PEDOS-60.7677) 15 o sttt gy At 1< 13972801 T Vg 4 15
FROR . WA, DOKFERD Ry B 2R 2R 4
FRTE . IZ T TROFF AT . S B TR 5 i 1 P AR 2
P AT PUEL TS TEP T X N A B VTE B
GERIN, RERGT KA W7 A A R RO Y A AR 4
PR AT EAR R R PE XSO TR 3K B Y
fi E-VTE B

RN A L TR RE 8 52 AR ) s DR L TR Y 2R
K, sEmE AT Y e F N A SR . NAER
Epichloé BEf 7 A= HA Bt HU Tk Ve 1y 22 #A 25 |
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Mgl G 28 | R A EORT A 4 AR e
T A 1y BT Wi FL 30 ) TR AR B R I S T
PEBSL A, INH: B Epichloé (Neotyphodium)
BCH: 5 HAF 8 ) e A= (A0 22 o I L T Y
AR B B ERIEIEACY, i, A
1) Epichloé J& WA H. I AL RE#E 42 T+ 15 EAHY)
PPrit, dRefE s EARFER AR, I
SRAE FAE H AR T sES J .

TR S 7 A e A F R A AR P VR ) T
R Z WA ISR B 1 43 B 1
%5 A J& (Streptomyces) WA UL B, GRS I il A7
i 22 ¥ T (Rhizoctonia solani Kiihn) I8 #% B JE 1Y,
FF [ 1 ) A — 6505 5 A 3 A A T SR Y
HEGHIOOT R ZI I A WA X B R N A T
HHEAEEGHRMEES, BIERME SR LA
(10 i P9 A R LA T AR R

e % 388 00 N AR TR AN A AT ASE 2ok 98 5 A )
B AR AR Y K,
RE 8 B0 15 32 06 A= 9 AR A ) 38 1Y RE
(R 1) XfF—PITE 7 E LB N ERELR
A A A

4 VTE REREETFRAEARN
Zai]

TR 0 S0 4 P9 A 41 R AR T LA B9 3
HoRARE . BB T FAUKRER T A
DA RTR, R PR P AR A R TR TR
FpF . MRBR . R HRFIZEA A Y0 B
3N 8.6%. 0.3%. 4.7%. 8.5% il 25.2%, ik
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Figure 2  Spatial distribution of VTEs in grapevine clones™. A: Bacterial VTE; B: Fungal VTE. CS: The
grapevine variety Cabernet Sauvignon; RH: The grapevine variety Rose Honey. C4L, C4S, and C4R separately
indicated the leaf, stem, and root tissues of the variety CS; C4ul, C4IL, C4uS and C41S separately indicated the
upper leaf, the lower leaf, the upper stem, and the lower stem of the variety CS; R4L, R4S, and R4R separately
indicated the leaf, stem, and root tissues of the Variety RH.
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