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Abstract: [ Objective ] To investigate the secondary metabolites produced by the co-culture system of two
mangrove endophytic fungi: Phomopsis asparagi DHS-48 (isolated from Rhizophora mangle) and
Pestalotiopsis sp. HHL-101 (isolated from Rhizophora stylosa). [ Methods ] Interspecific competitive
interactions and micromorphological changes were observed using plate confrontation assays and scanning
electron microscopy (SEM). Metabolic differences between the crude extracts of mono-cultures and the co-
culture were analyzed using HPLC profiling. The ethyl acetate extract from the co-culture fermentation was
isolated and purified using various chromatographic techniques, including normal-phase silica gel column
chromatography, reversed-phase ODS column chromatography, Sephadex LH-20 gel column chromatography,
and semi-preparative high-performance liquid chromatography (HPLC). The structures of the isolated
compounds were identified using spectroscopic methods, including NMR and MS, in combination with
literature data comparison. [ Results ] Plate confrontation assays and SEM results revealed the formation of a
pigmented line in the contact zone, accompanied by dense mycelial coiling and cell membrane fusion at the
interface, indicating intense competitive interactions within the co-culture system. Metabolic analysis
demonstrated changes in the HPLC profile of the co-culture, characterized by significantly enhanced intensity
of characteristic peaks and an increased number of peaks, suggesting that co-cultivation improved both the
abundance and diversity of metabolic products. Twelve compounds were isolated from the co-culture system
and identified as: 2-phenylethyl-f-D-glucopyranoside (1), tyrosol (2), 4-hydroxyphenethyl acetate (3), 4-
hydroxybenzaldehyde (4), 4-hydroxybenzoic acid (5), 3-chlorogentisyl alcohol (6), 2'-O-methyluridine (7), 2'-
deoxythymidine (8), thymine (9), cyclo(L-Hyp-L-Ala) (10), (1R,2R,4R)-trihydroxymenthane (11), and
ergosterol (12). Notably, compounds 6, 9, and 11 were isolated from the genera Phomopsis and Pestalotiopsis
for the first time. [ Conclusion ] Twelve secondary metabolites were successfully isolated and identified from
the co-culture of Phomopsis asparagi DHS-48 and Pestalotiopsis sp. HHL-101, encompassing diverse
structural types such as aromatic derivatives, nucleosides, monoterpenes, cyclic dipeptides, and sterols. The
discovery of three compounds reported for the first time from these two genera enriches the structural diversity
of secondary metabolites known to be produced by them.

Keywords: Mangrove endophytic fungi; Phomopsis sp.; Pestalotiopsis sp.; Co-culture; Secondary metabolites
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ME ¥ Phomopsis asparagi DHS-48 5 Pestalotiopsis sp HHL-101 435 F 28°C 414 F 1£ PDA {i 383t |
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[ %€ | IB-3 B T-HE B2 64T 30 Ve 4 A0 PR, 52 ] Thermo Fisher Verios $14# H, T W i Bs b 17 W%
14 NMIBERKESABHEAEFSHIEFRMEZR HPLC 24 435I PEE DHS-48 5 HHL-101 ) 1 cm’
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B, T 28 C H B 30 Ko KRB HRIG, BB YR H 400 mL 42 L BRA 3 Wk, B ] B
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W2 ODS JCAHAE ZHT [ FHEE-7K (70:100 — 100:0, v/v) BB BEVEMT 1 K 2F i £ v 50mA €3 (F oK =
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Fr.3.4 {2 ODS R AHAE [ I EE-7K (40:100 — 100:0) 6 BEPEME 1 K 2F ) £ o5 RO AH (0,33 (FP st K =
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4.5 i3 Sephadex LH-20 BEMA: (G P ke WL = 1: 1) 4lifk, 1524658 4(5mg) . Fr. 5 ZEMRERAT: 4
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S ERw LR AR AL, ZEAH R CaE A R IE T B AR 200 12 D ERE S W AR B el (5] 5), K
GRS ) 22 5 XA T4 N . HEXT o ir 4 SR R, (6B 7(RT 4.8 min) . 9(RT 5.1 min) /% 8(RT
5.8 min) X i 0-6 min A4 {4 3% 06 58 X 8] ; £ A4 1(RT 16.5 min) 5 10(RT 16.1 min) X% T 15-17 min )
HA5RIE; LA 12 (RT 40.4 min) XF 5 T 37-43 min 4034 =5 59 06, CUE S 3L 1% 75 SR WS A SU0E ok 1710
VAR SIME, T RhEENE, LAY 6 (RT 24.0 min) X464 11 (RT 27.2 min) B945 B i) 5 215
FRAE T 22.5-27.5 min AETIEAENT R, HEMAL-S 8 6 A1 11 AT RE R LR 32 500 R A SRR =8 . htk
AL, e IR R AR B = T AR A B IR, IR T A TFUTERIR S AR Y A B R R, NI E
TR B =Wy ) 2548 A

& oot b 4000 ¢ 700 -
1400 RT=16.5 min | 3500f  RT=13.8min 600 - RT=21.3 min
o I | » 3000t l o 500 | \
81200 ‘ 2 3 500 l g \
§1000F l 5 I I 5400 ¢ ‘\
S 00} \ £ 2000k | £ 300} |
2 600l ‘ 2 1500} | 2200} ‘
< 400t I < 1000} \ <00 I
200 I 500 | i I I
1) T, L S o— OF— P S A
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 25
Time/min Time/min Time/min
d € 3500 3500 ‘
S00F RT=16.5 min ‘v‘ 3000} RT=16.5 min, 2000 RT=24.0 min,
g 400 | g 25001 \ 8 25001 I
|
5300 l 3 20001 | 5 2000 \
2 200} M‘ 5 1500} I 2 1500 |
o | L
< 100} i < 1000F || < S0l
I 500 | /| ol H
0 e R 0 e, J Ny ~500 —— —,
0 5 10 15 20 0 25 50 75 100 0 5 10 15 20 25 30
Time/min Time/min Time/min
g 700 h 1800 1800 _
600 F 1 RT=4.8 min 1600 RT=5.8min , 700 ‘q‘ RT=5.1 min
g 500 I 3 1ol 1 g 600 |
= [ =] i [ 2 500 |
£ 4007 [ 21000 [ 8400} |
5300 ‘ 5 800 [ g 300 I
22001 [ 2 600} [ 2 I /|
< I < a0l [ 2 200 /|
100 | | I 100 - \
| 200 | I / |
(1) A A S ———— oL AF‘ . ob—— PR s S
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Time/min Time/min Time/min
j 3000 k 1 ]
. 1600 | _ . 1 800 ,
25001 RT=16.1 min 1400 | RT=27.2 min | % 288 K RT=40.4 mml
5] | 5] L ) i
g 2000 éiggg_ I 2 1200¢ ‘
£ 1500} | 2 ‘ £ 1000¢
S S 800+ l S 800}
2 1000} ‘ Z 600+ 2 600} ‘
< I < 400l \ < 400} |
500 F | 200 f \
200 | b
0t R — 0 U S Y
0 5 10 15 20 0 5 10 15 20 25 30 0 5 101520253035454550
Time/min Time/min Time/min

5 HBEFINBELEY 1-12 ) HPLC Bi%E. @i &4 C18 BifiE(Waters, 5 pm, 10 x 150 mm) . FE1HH: A 24
K, B A HEZ. &R E:0-5 min, 25% B; 5-15 min, 25%-30% B; 15-30 min, 30%-55% B; 30-40 min, 55%-75% B; 40-50
min, 75%-90% B; 50-60 min, 90%-100% B. #i8:25 C; i#ii#:0.8 mL/min; #&ii&1<:210 nm.
24 KEMEMETE AW 1N EAKKRY . [0]°-20 (¢ 0.01, MeOH) . £ IF I = 4 H¥ o 1%
(HRESIMS) 457 37 85 T-W Ji 107 L m/z 24 285.133 0 [M + H]” (B8 {H C H,,0,, 285.1333) ., 'H NMR
(400 MHz, CD,0D) 8, 7.25 (5H, m, H-2, 3,4, 5, 6),4.34 (1H, d,J=7.6 Hz, H-1'), 4.11 (2H, m, H-B), 3.88
(1H,td, J=14.1, 1.4 Hz, H-6'), 3.73 (1H, dd, J = 11.6, 5.6 Hz, H-3'), 3.68 (1H, td, J = 10.6, 7.2 Hz, H-5'), 3.36
(1H, m, H-2"), 3.25 (1H, m, H-4'), 2.97 (2H, t, J=7.4 Hz, H-a) . "*C NMR (100 MHz, CD,;0D) . 140.3 (C-1),
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130.0 (C-3,5),129.4 (C-2,6), 1272 (C-4),100.1 (C-1'),75.1 (C-3"),73.7 (C-5'),71.7 (C-2'),70.1 (C-4',
C-B), 62.5 (C-6"),37.1 (C-a) o VA LI IEEE 5 SCHRCY a8 2P AR — 2, Wb b B 1 b 2K 2
Be-B-D- MM A A AR

&Y 2 HEOBR., SIEEE 2P (HRESIMS) A5/ 185 T8 SR i Lt m/z H 161.059 2
[M + Na]" (Hig{H C.H,,0,Na, 161.0573). 'HNMR (400 MHz, CD,OD) 6: 7.02 (2H, d, J= 8.2 Hz, H-2, 6),
6.68 (2H,d,J=8.2 Hz,H-3,5), 3.67 (2H, t,J= 6.9 Hz, H-8), 2.70 (2H, t,J=7.1 Hz, H-7) . “C NMR (100 MHz,
CD,0D) 6.: 156.8 (C-4), 131.0 (C-1), 130.9 (C-2,6), 116.1 (C-3,5), 64.6 (C-8),39.4 (C-7). VA L JEiE%L
P55 SCHRPT B E s S A — 2, IS BB 2 WX SR B

&Y 3 A K, ZIEE P (HRESIMS) 75 #4788 T i faf L m/z N 203.067 7
[M + Na]" (Bli&{H C,,H,,0,Na, 203.0679) . 'H NMR (400 MHz, CDCl,) 6,;: 7.02 (2H, d, J= 8.4 Hz, H-2, 6),
6.78 (2H, d, J=8.4 Hz, H-3,5),4.22 (2H, t,J=7.1 Hz, H-8), 2.83 (2H, t,J=7.1 Hz, H-7), 2.03 (3H, s, H-10) ,
BC NMR (100 MHz, CDCI,) d.: 172.0 (C-9), 154.6 (C-4), 129.8 (C-2,6), 129.0 (C-1),115.3 (C-3,5), 65.5
(C-8),33.9 (C-7),20.8 (C-10) o LA b Ui &4 5 SCHR™ Hi il $iod Fe A — 35, S e b a9 3 0 4-585E
K HECTRIR

&Y 4 Jik s i, ZIEEE P (HRESIMS) A5 /3185 T-I& R fif LL m/z h 145.026 9
[M + Na]" (Fi{H C,H,O,Na, 145.026 0) . '"H NMR (400 MHz, CD,0D) 6,: 7.10 (2H, d, J= 8.6 Hz, H-2, 6),
6.70 (2H, d, J= 8.6 Hz, H-3,5), “C NMR (100 MHz, CD,0D) d.: 131.2 (C-2,6),116.0 (C-3,5) . VA %
B 5 SCRET BB AR — 3, RIS e B 4 SRR EER B

& 5 M aEE . S0 PERE (HRESIMS) 54> T B T A L m/z 4 137.024 4
[M — H] (Fi&{H C,H;0;, 137.024 4), #EWr H 7+ Xh C,HO,. 'HNMR (400 MHz, CD,0D) §,;: 7.85 (2H,
d,J=8.7Hz, H-2,6),6.77 (2H, d, J= 8.7 Hz, H-3,5) . "C NMR (100 MHz, CD,0D) J.: 170.3 (C-7), 162.2
(C-4),132.7 (C-2,6),123.0 (C-1), 115.66 (C-3,5) o LA LIk &t 15 SOkt Hiad Ba A — 2, PR
G 5 X ERERHIR

A 6 ML @R, Sl PEmaE (HRESIMS) M543 B U Bt b m/z 4 173.001 0 [M —
H] (B4&E C,H,CI0,, 173.001 1), #EKi HA T8 C,H,ClO,. "H NMR (400 MHz, CD,0D) 6,;: 6.74 (1H, d,J=
2.8 Hz, H-6), 6.67 (1H, d,J=2.8 Hz, H-4), 4.63 (2H, s, H,-7) . “C NMR (100 MHz, CD,OD) §.: 151.8 (C-2),
144.3 (C-5),132.1 (C-3),121.9 (C-1),115.4 (C-4), 114.5 (C-6), 61.1 (C-7). DL b3t B 5wkt i3
B A3, RIS E a8 6 o 3-E e IHEE,

AT AEEKE . [0]°,+40 (c 0.01, MeOH) . ZRIETRE /TS (HRESIMS ) 75> T 55 F-I6 5
faf kb m/z 47 259.092 5 [M +H]" (BHefH C,,H,.N,O,, 259.092 5), 'H NMR (400 MHz, CD,OD) §,;: 8.08 (1H, d,J=
8.1Hz,H-6),5.93 (1H, d,J=3.6 Hz, H-1"), 5.68 (1H, d,J=8.1 Hz, H-5), 4.23 (1H, m, H-3'), 3.96 (1H, m, H-4'),
3.84 (2H, m, H-5"), 3.75 (1H, dd, J = 12.0, 4.0 Hz, H-2"), 3.51 (3H, s, -OCH;) . “C NMR (100 MHz, CD,0OD)
501 166.2 (C-4),152.2 (C-2), 142.5 (C-6), 102.5 (C-5), 88.9 (C-1'), 86.1 (C-4"), 85.0 (C-2'), 69.8 (C-3"), 61.6
(C-5"),58.8 (-OCH,), LA % 5 SCHk™ B i A — 2, RS e ey 70 2/-0-H B RH .

&Y 8 MEAMENIREE F . [a]*,+20 (c 0.01, MeOH) . ZIEVEE 4> B (HRESIMS ) 751> 155
TR m/z 4 243.097 5 [M + H]” (BHE(H C,,H,N,0,, 243.097 5) . 'H NMR (400 MHz, CD,OD) 4,,: 7.81
(1H, d, J= 1.1 Hz, H-6), 6.27 (1H, m, H-1"), 4.39 (1H, m, H-3'),3.90 (1H, dd, J = 6.7, 3.4 Hz, H-4'), 3.80
(1H, dd, J=12.0, 3.2 Hz, H-5'a), 3.72 (1H, dd, J = 12.0, 3.7 Hz, H-5'b), 2.22 (2H, m, H-2'), 1.87 (3H, d, J =
1.1 Hz, 5-CH,) . “C NMR (100 MHz, CD,0D) J.: 166.4 (C-4), 152.4 (C-2), 138.2 (C-6), 111.5 (C-5), 88.8
(C-4"),86.3 (C-1"),72.2 (C-3"),62.8 (C-5'),41.2 (C-2), 12.4 (5-CH,) . DL b it a5 SCmk™ 238 Ko
FEAR 2, RIS e G 8 2 2'- I3 Sl i i B A 1

EY 9 AHATER MR, LIETE S5 HEIE (HRESIMS) AT E 53T 85 F W& BT faf L m/z Ry
127.050 1 [M + H]" (g {8 C,H,N,0,, 127.0502) . 'H NMR (400 MHz, DMSO-d,) J,;: 10.92 (1H, br's, NH),
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10.60 (1H, brs, NH), 7.23 (1H, s, H-6), 1.70 (3H, s, H,-7) . “C NMR (100 MHz, DMSO-d,) J.: 164.9 (C-4),
151.3 (C-2),137.7 (C-6), 107.7 (C-5), 11.8 (C-7) o LA LI iE%H s 5 SOk Hil Bl AR — 2, NI %
EEY0 9 h M Jl mE E

AP 10 AR, [0]*,-100 (¢ 0.01, MeOH) . £ 1E J5 & /0 T3 (HRESIMS) A57E /155
FUESFAT L m/z A7 185.092 0 [M + H]" (FHi{H C,H,;,N,0,, 185.092 1), 'HNMR (400 MHz, CD,0D) §,;: 4.49
(1H, m, H-8), 4.43 (1H, t,J=3.5 Hz, H-6), 4.20 (1H, dd, J= 14.0, 7.0 Hz, H-3), 3.64 (1H, d, J= 13.0 Hz, H-9a),
3.40 (1H, d, J=12.0 Hz, H-9b), 2.25 (1H, m, H-7a), 2.05 (1H, m, H-7b), 1.35 (3H, d, J= 7.0 Hz, H-10) ., “C
NMR (100 MHz, CD,0D) §.. 172.9 (C-5),169.2 (C-2), 69.1 (C-8), 58.9 (C-6),55.2 (C-9), 52.1 (C-3),38.2
(C-7),15.7(C-10) . VA I HEH0HE 5 SCok™Y B B AR —3, IS k549 10 4 cyclo(L-Hyp-L-Ala) .

a1 A EE . [0],-30 (¢ 0.01, MeOH) . £ IE TR & 20 BE i (HRESIMS) 45153+ 55+
W S HE m/z 4 211.135 9 [M + Na]™ (B {H C,,H,,0,Na, 211.1305). 'H NMR (400 MHz, CD,0D) §,;: 3.51
(1H, m, H-2), 1.96 (1H, m, H-6b), 1.94 (1H, m, H-3b), 1.85 (1H, dd, J=12.8, 3.0 Hz, H-5b), 1.59 (1H, dd, J =
13.8, 3.0 Hz, H-3a), 1.56 (1H, d, J= 6.9 Hz, H-8), 1.41 (1H, dd, J=12.8, 3.0 Hz, H-5a), 1.34 (1H, m, H-6a),
1.23 (3H, s, H-7),0.92 (3H, d, J= 6.9 Hz, H-10),0.90 (3H, d, J= 6.9 Hz, H-9) . "CNMR (100 MHz,
CD,0D) 6.: 75.7 (C-2,C-4),72.0 (C-1),39.0 (C-8),34.8 (C-3),30.4 (C-5),30.3 (C-6),27.1 (C-7),17.2
(C-9),17.1 (C-10) o DAL i i Bl 5 SCikz ! e 8 5o A — 35, IS e b5 11 2 (1R2R4R)-—F%
FEHT P

AP 12 HEGOKAE. [a]*,-120 (¢ 0.01, MeOH) . ZIE TR FE5 % (HRESIMS) U455 F 5 1
g JF ] U m/z M 419.320 5 [M + Na]™ (8 { C,4H,,ONa, 419.3284) ., 'H NMR (400 MHz, CDCL,) 6,;: 5.57
(1H, dd, J=5.5,2.2 Hz, H-6), 5.38 (1H, m, H-7), 5.22 (1H, m, H-22), 5.18 (1H, m, H-23), 3.64 (1H, m, H-3),
1.04 (3H,d,J=6.6 Hz, H-21), 0.95 (3H, s, H-19), 0.92 (3H, d, /= 6.8 Hz, H-28 ), 0.83 (3H, d, /= 6.4 Hz, H-27),
0.81 (3H, d, J= 6.4 Hz, H-26), 0.63 (3H, s, H-18) . "C NMR (100 MHz, CDCl,) é.: 141.3 (C-8), 139.8 (C-5),
135.5 (C-23),132.0 (C-22), 119.6 (C-6), 116.3 (C-7), 70.3 (C-3), 55.8 (C-17), 54.5 (C-14),46.3 (C-9), 42.8
(C-13),42.8 (C-24),40.8 (C-4),40.3 (C-20),39.3 (C-12), 38.4 (C-1),37.0 (C-10), 33.1 (C-25),32.0 (C-2),
28.2 (C-16),23.0 (C-15),21.1 (C-11),21.1 (C-21),19.9 (C-27),19.6 (C-26),17.6 (C-28),16.3 (C-19),
12.0 (C-18) . VA b4 #in 55 SCHRD” il Bl AR — 35, BRI e b G 12 2 1
2.5 WEWHEINEWFEEITEN AR MTT B/ CCK-8 12, 28 WITEM T&W 1-12 XF A
4 Bl (HepG2) . A Jilidis 40 il (A549) RSB 353 15 P, LA T S8 1 A(ConA) 175 5 09/ BB AE T Ik EL
IR B A S e I PR (R 1) o PITES R BN, 78 10 pg/mL IR T, i A L& Pt bk = Fh 4
JHOABE TR F 348 B B 1 R I KT 50%, FEIRSAE T AR RIS B35 RS MEYIG 1

£ 1 &% 1-12 3 HepG2, A549, ConA HIIMHIZ

Table 1 Inhibition rates of compounds 1-12 against HepG2, A549, and ConA

=37 HepG2iMiil %% AS49IHI2R % ConAfHil %%
1 11.13 9.96 11.03
2 7.76 7.03 14.09
3 7.23 12.5 26.12
4 16.76 16.16 7.50
5 12.66 21.4 13.20
6 13.54 20.24 16.68
7 15.87 23.92 9.34
8 14.13 28.6 10.17
9 24.07 27.81 16.98
10 15.71 16.94 14.14
11 16.63 21.99 18.80
12 25.81 16.65 17.77
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3 WA

FEH I % 5T, LU AR LB R i 2 80E Y & R R R (BGCs) 38 AL T iBR IR .
PTG LAV AR, AS W 5% R FH AL 8% 3R SR W, XT3 25 B KL (Rhizophora mangle) W WA= ELT& Phomopsis
asparagi DHS-48 FI2k H L1 ( Rhizophora stylosa) W] 4 1= H. TR Pestalotiopsis sp. HHL-101 #4715 57
HPLC P 3% 7E O B I 1] 22.5-27.5 min 55 X JA] A HE 30070 ) €35 e, EL AT 20 2 1) W) 74355 500 32 ] 2 494
i, FRAIIE R TR FETE S 2. T, At NI R LR Y h s 8 E T 12
MMEG Y, Horp 3-E IR IHEE(6) FI(1R2R,AR) - = FE LM bt (11) J2 15 M\ R J L1 vh 0 S 4, e B LG
FRBEWH UTER I . SEM WLEL 2] 1Y T 22 3508 9 58 M A MO RSl 5 I 52, 00 0 42 10 40 0 M 2 G D BR S
R E 2L E . Schroeckh 25 (A 57 38 B, ELTA [B] 0 40 FRAZ fioh n] 375 S 20 85 1 £ e AR DA 38005 5 F A5 14
TARZRIRMFEF Y, Chen SFUESEXT FE I O BE(2) J2 FL DA AR P (BN 53 F, BEVRT2 TR 22 T8 28 S A= o gt
TR, HE Ak G 2 TE IR AR R b 72 Y T AP RLGE IR 05 5 20, DRA PR LS N e R T . K
i Bertrand 5542 H 1 He 1% 55 <58 G B A BT, AT AR BT XU EE 3 1Y €0 327 AR BT 2 TR A I X A
[B) 5% 4 A S A A=A B A B . AL A 2 (RIFRIEIR ) X KA AT i (Escherichia coli) BA IR AVERTY,
R AN R IE D A 5 R R) BAPUA . Prie. Pulas . B . JtR LA
AL 55 Z P 25 B 11 A6 10(cyclo(L-Hyp-L-Ala) ) X} /& 52 8 V1 B ( Fusarium solani) 25 Fa 9% IR B 1
APLEIEED; LAY 12 (G2 M 8 BEOAE R B RIE R, FEPT R BBons FR v B 9 55 J7 TR IRl il v
XAl G YIRS R 0 5 A, U B TR RRGE 2o 40 WA A 27 43— A 4 o R DA 5 A PR AR B 3R R
HEAFASE) . WFSE SRR, JERG SRR IR AR A BRI 24 2 REME | R BV S5 1 & W S i e TG 14 4y
TRy HERME
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