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Effects of proanthocyanidin on denitrification of continuous cropping

soil in protected cultivation and the growth of cucumber seedlings

WU Xiaozhe, QI Yingbin, ZHAO Xin, MENG Xin, ZHANG Ning, WU Chuncheng

(College of Horticulture Science and Technology, Hebei Normal University of Science and Technology/Hebei Key Laboratory of Horti-
cultural Germplasm Excavation and Innovative Utilization, Qinhuangdao 066004, Hebei, China)

Abstract: To investigate the effects of exogenous proanthocyanidin on soil denitrification in facility- grown cucumber
monoculture systems and on the growth of cucumber seedlings, soil from plastic greenhouse where cucumbers had been
continuously cultivated for nine years was sued as the experimental material. A control treatment(T0)without proanthocy-
anidin(T0)was established, along with treatments in which proanthocyanidin were added at rates of to 0.5, 1, 2, and 3 g-kg’'
dry soil (designated as T0.5, T1, T2, and T3, respectively). The effects of proanthocyanidin on cucumber seedling
growth, root nitrogen metabolism enzyme activities, denitrifying microbial community structure, and relative abundance
of functional genes associated with denitrification were analyzed. The results demonstrated that compared with TO, the T2
treatment significantly promoted the growth of cucumber seedlings, increasing plant height, stem diameter, total root
length, root surface area, and root volume by 25.5%, 14.2%, 101.27%, 112.51%, and 214.56%, respectively. The addition
of proanthocyanidin increased nitrogen content in both the aboveground biomass and roots of cucumber, as well as root ni-
trogen metabolism enzyme activity. Specifically, the T2 treatment increased root nitrate nitrogen content by 171.52%. Fur-
thermore, proanthocyanidin altered the community structure of denitrifying bacteria in the soil, reduced the abundance of
related microbial populations, and inhibited nitrite reductase activity (NiR) and the relative abundance of its functional
genes nirK and nirS, thereby increasing soil nitrate nitrogen content by 38.57% to 235.77% through the inhibition of deni-
trification. Redundancy analysis (RDA)indicated that soil organic matter (SOM)and nitrate nitrogen content were signifi-

cantly positively correlated with the denitrifying bacterial community. Pearson correlation analysis further demonstrated
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that soil environmental factors had a substantial influence on the abundance of denitrification functional genes. In conclu-

sion, exogenous addition of proanthocyanidin can regulate soil nitrogen cycling by inhibiting denitrification, reduce ni-

trate nitrogen loss, enhance plant nitrogen uptake, and consequently promote cucumber growth.

Key words: Cucumber; Continuous cropping soil in protected cultivation; Proanthocyanidin; Seedling growth; Nitrogen;

Denitrifying bacteria
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Table 1 Effects of application of proanthocyanidins on the growth of cucumber seedlings
sl G EX | BB ISPIESIS HRA AR FRARAR
Treatment  Plant height/cm Stem diameter/mm  Shoot dry mass/g Total root length/cm ~ Root surface arae/cm’ Root volume/cm’
TO(CK) 22.0+0.49 d 6.33+0.06 ¢ 2.90+0.34 a 969.53+134.10d 656.22+26.97 b 72.1749.05 ¢
T0.5 26.94+0.49 ab 6.69+0.28 b 3.30+0.53 a 1 539.04+239.06 b 869.45+165.06 b 59.91+7.71 ¢
Tl 25.34+0.25 cd 6.40+0.05 be 3.05+0.40 a 1 133.97+63.45 cd 757.44+43.10 b 129.36+49.55 b
T2 27.6+1.08 a 7.38+0.05 a 3.244+0.29 a 1951.35+301.87 a 1394.584234.96 a 224.02+29.30 a
T3 26.24+0.79 be 6.55+0.21 be 2.97+0.26 a 1 410.00+116.75 be 808.75492.17 b 77.19422.24 ¢

T AT R AN A NS FRERIRAE 0.05 KT EREE. T,

Note: Different lowercase letters in the same column indicate significant difference at 0.05 level. The same below.
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Table 2 Effects of application of proanthocyanidins on nitrogen content and the activity of nitrate reductase and nitrite

reductase of cucumber seedlings

wCHl_EFA %D wiR RS ED wR RS EO AL S BREE HEAR AN R S B
Ab B o . .
Treatment Aboveground total Root ammonia nitrogen Root nitrate nitrogen Root NR activity/ Root NiR activity/
nitrogen content/% content/(pg-g") content/(pg-g") (U-gh (pmol-g'-h™)
TO 2.76+0.05 ¢ 304.31+38.82 ¢ 27.67+2.21 ¢ 7.50£1.25 ab 0.73£0.09 b
Tl 3.54+0.05 a 689.94+12.47 a 56.82+7.15b 9.82+1.37a 3.65£0.95 a
T2 3.04+0.03 b 499.14+30.65 b 75.13+£0.56 a 6.82+0.80 b 3.78+0.38 a

TR R WA IR A BV PR B e 1 417.41%
Ui BN N E A T 2 Re 4 i AR AR I 12, AT
AR RN A = B W, 52 iR R A B
BRETE.
23 HAMBEEEENTIEAE MR

HHR 3 Al A, i N Jsife 7 =92 1 138 EC 1H

MENTFSE, MARAE=RES T 38.57%~
235.77%. 5 TO PFH b, T0.5 Ab 2 A %5 I L 458 (1) EC
B ESEASE MSEASESNEERTET
54.74%.21.31%+235.77%, T2 4 ¥ B E w1 pH
FUE N & &, M FE AT R PN 5A e LI
BAR AR S AR A A A& .

R3 ARMEEE RN TRAFE MRS
Table 3 Effects of application of proanthocyanidins on soil chemistry of cucumber
e ECY wCEHLED wHAF O wEEEZD OO wHAZD
pH . Organic matter  Alkali-N Ammonium nitrogen Nitrite nitrogen Nitrate nitrogen
Treatment (uS-em™ . 0 . 0 1
content/(g-kg') content/(mg-kg') content/(mg-kg™") content/(nmol-g") content/(mg-kg")

TO 6.09£0.03b 319.67+2.31d 63.11£091 b 162.89+2.52 a 11.45+1.28 b 2.63+0.56 a 6.43+0.54 d
T0.5 6.03£0.02 ¢ 494.67+£20.55a 68.47+0.31 a 157.29+0.70 b 13.89+0.35a 1.3+0.15b 21.59+0.94 a

Tl 6.03£0.04 ¢ 384.00+4.36b  69.12+1.49 a 159.62+2.46 ab 9.88+0.26 ¢ 2.07+0.56 a 16.25£1.18 b

T2 6.17£0.03 a 358.00£4.36 ¢  69.52+1.08 a 161.96+£2.02 a 10.40+£0.42 b 2.17+0.37 a 10.24+0.87 ¢

T3 6.03£0.01 ¢ 400.67£8.96b  68.30+0.66 a 159.62+2.25 ab 10.22+0.55 b 2.14+0.21 a 8.91+0.26 ¢

24 HRMETEE R TIRHER TR B I R T
R EEE M RS20

HHZR 4 7751, 5 TO AHLE, T1 A0 T2 Ab 3 A+ 35 AY
P 3 Ji Bl 7 PR 23 ) B R R T 141.18%+49.26% 5
T1 A0 T2 AbFH 4 38 il R i i I8t 3 14 29 ) B AIK T
28.42%.34.46% . WNINEALTE 2= AR T 2 AH IR ik
JR B, F0) T A A U — S A R AL

Fz4 FMERBENTIEERIERRS

T FH R SR Bl 75 1 Y 21
Table 4 Effects of adding proanthocyanidins on the
activity of nitrate reductase and nitrite reductase in the soil

(U-gH
s SR R O i S 1 3R R iR I
Treatment Soil NR activity Soil NiR activity
TO 1.33+£0.02 ¢ 127.23+£32.99 a
Tl 3.21+0.06 a 91.07+13.52 a
T2 1.98+0.06 b 83.3949.28 a
25 AMREERMNTIEREEBEREEHN
A0

Po#f = & FE Chao 8 BUEBOK, R M+ H
JEE R 2 ) #8751 ; Shannon i BUE K, BEVE 22 FE 1R

.92.

51 s Simpson T BB N, BEVE 2 FEIE B s Pielou fi
BAERK, VA AT 5. R S vl RN, AL &
(R oot 358 S iE AL 40 B R = & P 2RI AT 2
FETE R . @ EARFR 34T (PCoA , principal co-
ordinate analysis) & H., 7] T IR MIEEH =5,
PC1 1 PC2 fifke | 43 SR AGAT BRI AH PP AR
51 75.36%81 9.71%CE 1D, TO 5 T1 A T2 Z A

BB, Y B TO FIAHRERES T1 A T2 Z AN E 2=
Ft JFAETE BRI INEEN | S R PR I 254

x5 BEREFSEMNIRRBEUCAERE
Alpha Z M RIS2E
Table 5 Effects of proanthocyanidins on denitrifying

bacteria community with soils impact of Alpha diversity

Lb Chao 8%t  Shannon 5%t Simpson 5% Pielou 5%k
Treatment Chao index Shannon index Simpson index Pielou index
TO 1259+ 5.49+ 0.010 3+ 0.769 5+
551a 0.003 a <0.0l a <0.0l a
T1 1264+ 5.48+ 0.010 4+ 0.766 7+
10.14 a 0.012a <0.01 a <0.01 a
T2 1257+ 5.48+ 0.010 2+ 0.768 1+
13.02a 0.007 a <0.01 a <0.01 a
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Fig. 2 Abundance of dominant species (TOP10) at the pylum level of soil denitrifying bacteria
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Fig. 4 Comparison of differences in relative abundance of functional genes related to soil denitrification
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Fig. 5 RDA analysis of soil chemical properties and
denitrifying bacteria level (TOP10) species
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Fig. 6 Pearson correlation analysis of soil chemical properties and relative abundance of denitrification functional genes
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