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Abstract: Plant endophytes spend at least part of their life cycle in plants without causing
diseases in the hosts, being the microbial resources with rich species and diverse functions. With
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the advancement in sequencing technology, the microbiological study of endophytes has become
increasingly intensive. Being praised for the targeted validation and low cost, Sanger
sequencing has been preferred by researchers. However, Sanger sequencing is no longer suitable
for deeper genomic study of endophytes due to the low throughput. In this paper, we briefly
summarize the research history of endophytes, review the applications of next-generation
sequencing characterized by high throughput and third-generation sequencing (single-molecule
real-time sequencing) in the research on endophytes, and summarize the research results of
different sequencing technologies. Furthermore, we summarize the advantages and limitations
of different sequencing technologies and discuss how to choose the appropriate sequencing
technology according to the research needs. This review provides a reference for researchers to
further explore the potential value of plant endophytes.

Keywords: plant endophytes; Sanger sequencing; high-throughput sequencing; single-molecule

real-time sequencing
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Table 1  Processes of research on plant endophytes

20 A BL, A Ry A I R R AR N ) 5 2
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G T — AP AR LU =AM oAR, H
DU B vy 30 et DA G 5 P i 2 O R 414 5L g
8 H B8 kg A ARG W0 P9 A TR AE 5 AR 0 T B T IZ 1
MR

2.1 ETF NGS HIEYAEREFFEN T 4

R
NGS $ARE R TR T HF LMD AL T
FRPEYRFEFEL, e ZH T

VI AR TR I 25 ZREVERESE . FITEAS R A2 K
BB E A AR N AR Z RN, —T00C T 5m
TN A TR V% Bt B (1) 20 2 28 b B 5% & 332 I L
B AT RN AR LR 2R, AT R
S A & A R E R 08 SR b
5P BE A SN 5 — TR X (AR A
(Peucedanum praeruptorum Dunn)ffi 225 . 22
Ja RN A B Z RS 22 R &
B, TR N AR A T 2 AR B0 2 T
EHT, TN R SRR EOC R & 25
R I, BT & (Pseudomonas) FlF 5e
£ /R 714 (Burkholderia) iy £ &L A 8, %
BT AT Al BRI AE TS N AR TR 2 A S
2SRRI,

Crucial moment Research priorities Research Research methods Reference
representatives

1809—-1887 Discovery of plant endophytes Link, Galippe Microbial in vitro culture [3]

19 centuries Plant growth-promoting effects of Beijerinck Microbial in vivo and in vitro [4]
endophytes culture

1970s Medicinal value of metabolites of Strobel First-generation sequencing [6]
plant endophytes technology

1990s Bioexploitation of plant endophytes  Strobel High-throughput sequencing [7-8]

technology
Early 21st Genomics and molecular studies of  Sessitsch Third-generation sequencing [9]
century plant endophytes technology
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% (eukaryotic orthologous homologous group,
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I DI Re R e i ik B TE 2 AR AEY)
A, WKAS(Oryza sativa L.)FISEF 24 WAL 1
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M, HIRAEE IR B IR KA R YRV
Ieefd B2 T35 /R 3 Wi s ofp, FE2A7E
LRE S 7% . W AMLRESE IR . IRR 0l . IR ER
fiff B RIS AL AR D S B O AR AR )
X FIBHESERBRAR T337 HARRLL NAF
eV ST T At - T o e e, 283 16S
rRNA PN F8 %% 55 (8] BF X (internally transcribed
spacer, 1TS)M 7 DA Kz 38 12 B g A WL bR 285 ok e
V& UET 22 55k B WE9E (phylogenetic investigation
of communities by reconstruction of unobserved
states, PICRUStZIRETIN , M PN AE4H TR AL I
SR 417 ASF 73 ASCEHE S, A R
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TSR H A AR AL N AL, R AR
G+C &, {RAEgAS DNA @25 b LK S fith 24
MRSE . R EE . X REARGS
B A LR B SE RS A BN SR TR 2 Y
A= WA RE 8 4 /N L P R R, AT 3 in 2 TR
SRR, FERFE S it A TN
DRI 2 P9 I et 3 50 55 240 L 53 28 o 5 DT 4 5 o okl
FEPRAEE 25 ) Jei s 2 M Y, H A ek
TR DR A 19 P9 2 TR — P LA O g )3 o PO
NGS i A LA 32 HBEAS R FE 0 9 A= B RV 16 2
RETIIN , f BT G2 D AL B 5 i F sl NP R
NGS R ERA S F0F) F R 9 A= 5 19 D BE 4 it
TEBGER. 785y is i NGS £ AR A B hn ik kg
BRI AE TR A R B, SEBLHAE B A K IR
FIE = A AE Py ik 5 7 T A NP o
2.3 ET NGS HIEMAEEEEEIR
R

VEZ A 8 A B e A K R v AR 1 R
A HAGEFEYEER PR, 3O N AE AU
FEHE BRI NGS #9875 A5 & B
L P A TR R R A s A B i A%
2012 4E—Xji 5T EIBf(Azadirachta indica A. Juss.)
A FUR 20 B AR AR AT ST 6 I, 3l 1TS 4
Y0 R N AR LT IE 75 %% & (Eupenicillium), 78
HoE R B AT DL A R AR S ORI BB R M
HAER IR, 0 A B A5 2o s i
BRI T 4 Fhifiun S (Morinda citrifolia L.))
PR B IR T A i e, 3 A P S
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56 R0 BT AU A S8 36 & IR AT S0 TR A T 2R Y
AT R I PR AR, ORI Y B
fEAEAE 3.07-20.78 U/mL Z[a], I HNLE4H
F BT NP TR O 1 S IR AR O, RN A
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B A B S AR, BN A R Y A B A Ak
P A BT BT 43 1 T AR 0 [ /S PR T R
P FE A 8 2k K (siderophore) . 43 WA 5| W 2, R
(indole-3-aceticacid, IAA)SFE A= Kk, XK AT
VERAEYAR A KSR . teAh, 2021 4R —
58 T R % 5 DR 4 e X S iy R B
(Glycyrrhiza uralensis Fisch.)[N 4= I BE 75 254 55
DIReSE A kAT T iE , @il COG Bds %
KEGG 4 21 CAZy $dfi ey HEIRESE N BEF 7
TR, R HRNAERD A 123 MR AR
P450 (cytochrome P450)} 520 /> UDP-Hi I
i (UDP-glycosyltransferase, UGT)gm i JE A,
R JE B H B N A T I AR 2 D RE N HE L2
FHME, DA SCEATan e 28 S H B A= W06
PR BLE T IS SR

B — A P AR 8 1 AR K A i T A )
WA A PG YEY IR R . S5k
FHEG, B — A0 5 e 6% 78 T 0 A sl i) Py ™ A o
Fm WL DA B, DA v % TN A TR 288 e
HACHHE RE AR IR . Ak, FaE iR A
T AN AT Bl 0000 Gt A v A AR G i
B, A G W it RS A AR T R S
AT D s AR R R AR AL, e 2R
TR B Al . R, B — A e B A
FHB K M A 1 R0 P9 26 o R A= A ) 42 1
BT ESHE, ERMEMENERERNA T
B 55 R — AR e e, JFREY N
AL TR R LD e 5 A T M OGRS, AT LA
BUAE PRI IR ATE AR
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NGS HARME T — AP HARTE# 7 . A
A DL R 3 2 TR U TR R A 2Rk, A
H1 T NGS 7E I 7 i #2 vh 5 % PCR ¥ 1, 33
N 4 R A X — 86 A 2% 5 DR R A7 0 15 Y
HEOfR R RN A HA S — R P BAR . il
WP R AR MSRTEAR W &', 4228 A —1X
e 8 I R B A, RIS A A
AR AR R T NGS KM NS, B
A, FEB AR 55 = AP HAR /& PacBio 23 R 1Y
BASY 7 SN R B R (single-molecule  real-time,
SMRT).
3.1 ETF SMRT N FRIEM AL EEEAE
R

SMRT I 15 A TE fide i AEL ) TN A= T e PR 2
M5 2 TR R T OCHER, B AR
PRAE T IR A TR X S A W 5 . ThRE L HE
IR | AL LA R DX 4 B 1) A) BB o 1R 20T
SEERAE T SMRT W Jp ot A 40 PN A T ) 2k K]
HAF B IATERFESRY 72, FLEED TRAEY
PR A TR T 4 K] 2 45 ) 2 A 5, 3 S i A A
FHR A [ A A ST aE o i,
FI FH PacBio i A Xf 2 T i % B (Pythium
oligandrum)#E 174 J37 51 5 R4 e i ik 9, 4
HET T B T R R 4L Y, AT DU
TG 25 880K . P4 T FL B0 I A S
B AT IR A LA, DT S AN [m] 2B 15
Y AL TR R o [A]REf JH] PacBio £ R,
Li ZERO045 T —#k B XU (Jatropha curcas L.)
AL NLETE LO-754T RBENAEE, &M
T — M5 Pu A AL B A OC B B % GQRI1_18
700-GQR91_18 715, /R T iZWRTEEYI i iR
AV TETRE . eAh, AT SMRT
D 56 & H A T N PRI A 6 DR Y T
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JiE(Saccharum officinarum L.)H 4325 H B9 —Fh 4
Az [ AN T AR S B A FC R (Kl ebsiella. variicola)
DXI120E [yJEHE A BT, ZEHCHTAM S it )
RE J 16, Zhang %5 M fe BEE (9 11 4% (Populus
davidianaxP. alba var. pyramidalis, PdPap)/K=%
o BT ORI DU A R e T AR K
ZE 0 FT 1 (Bacillus velezensis) BY6, SMRT £ AR
XTTARE BY6 #4784 5L DR 20 25 SRR B Hop
9 AU A A Y 25 DR B B L T T A A
AYIRE, FESHEEERIEEN . AR ER .
MBS TR AR A FRE M
SMRT 745 AR B BH T LK11 8 22 B 50 i 1
(Sphingomonas sp.)JE K 20 (48544 FrZE 2, 26 2
X SMRT 0 J5 7 AE 4 PN A T 5k DR A A0 5 v £ )
FH#EAT T 82
3.2 ET SMRT JUFFH) DNA BHEL D4
DNA WAL & T2 A 7E T A v %
ML F M Nz —o FEM Y, PR
5 BE R e 8 K U AN AR A 53, [R]InF i mT DA
W B BT AE R Sy, P B T YRR A
PIFREYE . SMRT W42 AR AT AR A7 b R
Az T P ) DNA Y EEL , HOEA JE B 4K 4 DNA
KA WA R 1 FH Bsf 8] 10 7 A AN ) 04 ik o ) B
S0 iy B B4R A6 5 . 4 Bianco ZPYEIR SR ARV
e 7K 6 (Oryza glaberrima LAY N A4 1 BE & 75
¥ 7K 5 (Oryza sativa L.)H A 850E i 342 ki
FARKMPITEH, X1tk BDA62-3, BDA134-6
1 BDAS9-3 747 T SMRT ¥, #5H T 52 % (1)
S FH, FEKE] BDA62-3 Al BDAS9-3
) 284k DNA B3 3280 m6A B (6- HT 2 it
MERSY, ¥ KM GATC 3T, 5 [ AR A
O AR TG KR B N A T BRI AR Y A A e
FEYIE PR FE R 4518 . o DNA HEAE A
AT LUHS BB N BT i — S Py AR TR A SO PE
anxd PR 22005 (1 Hk (Juglans regia LA H
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&2 SMRT NFAERENEEEEFRAFRKHREHA
Table 2 SMRT sequencing in the genome of endophyte-promoting bacteria

Host plant Strain name Genetic structure composition Functional activity GenBank login ~ Reference

(genome size; GC content) ID
Jatropha curcasL. Sphingomonas Chromosome: 4 094 655 bp; WSUT00000000 [26]
carotinifaciens  66.90%

Enhanced antioxidant
activity; anti-fungal

L9-754T diseases
Saccharum Klebsiella Chromosome: 5 501 013 bp; Nitrogen fixation CP009274; 271
officinarumL. variicola 57.30% CP009275;
DX120E Plasmids 1: 162 706 bp; 50.70% CP009276
Plasmids 2: 54 715 bp; 53.10%
Populus Bacillus Chromosome: 3 898 273 bp; Anti-fungal activity; CP051011; [28]
davidianaxP. alba velezensisBY6 47.33% promotes iron ion CP051012
var. pyramidalis, Plasmids: 7 256 bp; 37.53% absorption; nitrogen
PdPap fixation
Alhagi sparsifolia  Klebsiellasp.  Chromosome: 6 174 401 bp; Drought resistance CP017450; [30]
LTGPAF-6F 56.00% CP017451;
Plasmids 1: 526 446 bp; 49.00% CP017452
Plasmids 2: 89 552 bp; 51.00%
Zygophyllum Paenibacillus  Chromosome: 7 421 843 bp; Promotes the synthesis CP017659 [31]
simplex sp. JZ16 49.25% of phospholipids;
plant degrader
Triticum aestivum  Bacillus sp. Chromosome: 4 202 080 bp; Resistance to high salt CP033064 [32]
L. WRI11 43.53% stress; resistance to low
phosphorus stress;
promotion of plant
colonization
Solanum Rhodanobacter Chromosome: 4 172 240 bp; Resistance to high salt CP042807 [33]
lycopersicum L. glycinis 64.57% stress; enhanced
TO1E-68 antioxidant activity;

resistance to bacterial wilt

PPN ZE TR, 3O B TR ASZ I
i F2d BRI AL A e o A B, A
I Y Lh RETY A N 2R TR SR R SR . 3R 3
Xt AN TR 452 A A AR ) P A T e ) 7 FH S
R P s EAT T I

4 RES5RE

438 R B A L Diaporthe capsici #4717
SENAH B IR ARG, IR SMRT Wl 5 AR
£ %} Diaporthe capsici f{)3& K 20 20 5 45 kA 7
LA SR, A E ) maC . m6A FIARHIZ
RIE R 7351 9 057 646 ~Fl 233 045 4
&4 5, Diaporthe capsici 430 1 7E 3L R 20
JZ A E] TR,

SMRT )7+ AR AT LAMEFT DNA H 3E{b 53
B, SR A SRR ) P9 A TR 1) 2 W35 %~ R
FfE FiE e LR R AL T A O TR, it
T P9 A T R BE AR AT i o i A JHL 3R 00 35 1%
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Sanger 71 0 5 — AN £ A D R0 A
AR BERE TR, (E T e R AN W ik
A, HAEREEZ# 4R/ . NGS il i S iR
BN A, B PR T O R A
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Table 3 Comparison of applicability of different sequencing technology platforms

Technical Year of  Field of application Advantages and limitations
name/platform birth
First-generation Sanger sequencing, 1997 Species identification, High accuracy in small-scale sequencing

sequencing chemical sequencing

technology

plant endophytes

Second-generation 454 pyrophosphate 2005

sequencing sequencing platform,
technology

(high-throughput

Solexa sequencing

platform, HiSeq

sequencing) sequencing instrument,
SOLid technology
platform, lon PGM
sequencer
Third-generation SMRT sequencing 2009
sequencing technology
technology

(high-throughput

sequencing)

methylation analysis

characterization of new

isolates of

Diversity and structural
analysis of plant
endophytes, genomic
study of endophytes,
study of biologically

produced active

Plant endophyte gene
assembly and
characterization,

growth-promoting

with easy-to-understand data; short
sequencing read lengths, low data
throughput, and high sequencing costs;
High-throughput sequencing, also known
as high-throughput sequencing, is fast
and widely used; higher error rates in
homopolymer regions, more difficult to
analyze data, high cost of large-scale

sequencing

substances of endophytes

Longer sequencing reads, lower error
rates relative to second-generation
sequencing, and the ability to perform

DNA methylation analysis; high cost of

mechanism studies, DNA sequencing and increased difficulty in

data processing

AR 5 e A YA BAE R 3% . SMRT )7
RS A P 52 2 I DR AL RO 9 P9 A TR P 1) 2 00
WAL B i 7 T AR T R 2 . NGS
SMRT ] 5> 5 AR 3@ 13 4 A A 2R AL . 3%
SEULRGAE I RE , W R A Bl 1 122 408 A 58

TEREY) N AL TE B FT 40, I Ty = 0 e 9
JEXT LR ARG B bR B9 55 95 R AT B I Y
ZiG % a . Sanger WY AT REIE T £ XHPE )
5%, NGS 7E45 W FH AR AT B H 2o 26
PE, 1 SMRT 5 7 LAAG A T i o & 2% 1 3 R
2 DX 35 RN 2 st 1 2 DL A o A X S R R TR
B M/ s REAS, Sanger I 7 AT DAER AL AERA A9
iR, AT NA IR S E R 16S rRNA il
¥, AN R X DA 25 (Ananas comosus L.) H i
TEH AN PEAT T, S Sk LR A A
B, I B R LA Sy — i A T R R T
SRR I TR, FE R N A B B T
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P TOH ULAR . B4 Sanger I I8 HLASE A
Y TSR AT B LR X D i FEAS R A TR S
PIARIC TG o 5800 S 2H 28 N 2B T 1Y) 58 3%
DR 2H B8 S 2H RN N A TR RE 22 R A AT
NGS JEFAE PR, KA TRRBIZH 70 M 24 FH AR
)+ Ui#[Aquilaria sinensis (Lour.) Spreng.]* /4
Az FLIR T 5L R 4l 2 Th BePEF SR P T NGS
WP, ] F-H 5 18 AR YA DG Ik Y 2k
RAHAE R o NGS JE9 & & 2 K 4 = iAo
FRIC s iy, A ) v 3l A A
o LB R R AU H B . SMRT 36
FHTF R 5T 5 4% 556 PR 24 IX Jaf A 3 U 3 % 24 10 5 LA
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