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Abstract: To explore the effects of potassium supply on the lodging resistance of oil flax, split-plot experiments were con-
ducted with the cultivars ‘Longya No. 11’ (V1) and ‘Dingya No. 23’ (V2) and four potassium (K,0) levels: no potassium [KO,
0 kg(K,0)-hm™], low potassium [K1, 30 kg(K,0)-hm 2], medium potassium [K2, 60 kg(K,0O)-hm 2], and high potassium [K3,
90 kg(K,0)-hm™2]. The lignin content, lignin synthesis-related enzyme activities, stem mechanical properties, lodging resis-
tance index of the stem, and yield of oil flax under different potassium supply levels were analyzed. The results showed that
under different potassium levels, the relationships between the plant physical characteristics and lodging were mainly observed
from the green fruit stage to the maturation stage. The lodging resistance index of oil flax was significantly positively corre-
lated with culm diameter and negatively correlated with plant height and gravity center height. The lignin content of the oil
flax stems changed during the growth period and with the potassium supply. The lignin content of V1 and V2 was higher in K2
treatment after potassium application from the seedling stage to the flower stage. Compared with that under KO treatment, the
lignin content of V1 and V2 under K3 treatment increased by 17.68% and 23.25%, respectively, from the green fruit stage to
the maturation stage. The effects of cultivar, potassium application, and their interactions on the lignin content at the green
fruit stage reached extreme significance (P<0.01). The K2 treatment increased the phenylalanine ammonia-lyase (PAL) activity
of the stem from the budding stage to the green fruit stage and the tyrosine ammonia-lyase (TAL) activity of the V1 cultivar at
the budding stage; the K3 treatment increased the TAL activity of the V2 cultivar. Potassium fertilizer significantly affected the
cinnamon alcohol dehydrogenase (CAD) activity of the oil flax stem at the green fruit stage. Compared with that in the no
potassium treatment, the CAD activity of two cultivars increased by 31.96% and 12.09% on average, respectively, after potas-
sium application. K2 and K1 are the suitable potassium supply levels for peroxidase activity improvement in the V1 and V2
cultivars, respectively. Compared with the indexes at KO, the snapping resistance and lodging resistance indexes of V1 in the
K2 and K3 treatments increased by 45.68% and 48.90%, respectively, and by 16.86% and 31.92%, respectively; V2 snapping
resistance increased by 84.32% (K2) and 77.50% (K3), respectively, and the lodging resistance index increased by 1.89% (K2)
and 14.49% (K3), respectively. Correlation analysis showed that the four lignin related enzymes were positively correlated
with lignin content and lodging resistance index at the green fruit stage. After potassium application, the highest grain yield
was observed in the K3 treatment, which increased by 10.71% for V1 and by 17.77% for V2 compared with that in the KO
treatment. There was no significant difference in the yield of V1 among different potassium levels. However, the yields of V2
in the K2 and K3 treatments were significantly higher by 12.24% and 17.77%, respectively compared with that of K0O. These
results indicate that the cultivar is an important influencing factor of the lignin accumulation process of oil flax and that po-
tassium fertilizer has a synergistic promotional effect on the lignin content and the metabolism-related enzyme activities. In
this experiment site and the farmlands with similar ecological environments, the use of medium and high potassium fertilizers
[60-90 kg(K,0)-hm™] promotes the synthesis and accumulation of oil flax stem lignin, prevents oil flax lodging, and estab-
lishes a foundation for a high and stable yield.

Keywords: Oil flax; Potassium supply level; Lignin; Lodging resistance; Grain yield
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Fig. 1 Changes in precipitation (P) and temperature (T) in the
oil flax growing season in 2018
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Table 1 Effects of potassium levels on snapping resistances and lodging resistance indexes of different cultivars of oil flax at
different growth stages

Snapping resistance (N) Lodging resistance index
Cultivar ~ Treatment . . . . . .
Budding Flower Green fruit ~ Maturation Budding Flower Green fruit Maturation
stage stage stage stage stage stage stage stage
Vi KO0 2.74+0.05¢ 6.68+£0.17c  5.59+0.25b 9.28+0.33d 1.79+£0.06b  2.48+0.07b 2.28+0.15b 10.85+0.74b
K1 4.38+0.02b 8.07+0.26a  6.32+0.21b  14.84+0.25¢ 3.71£0.05a  3.77+0.38a 2.73+0.11ab 9.08+0.18b
K2 5.09+0.10a 7.38£0.18b  5.90+£0.46b  18.49+0.29a 3.89+0.03a  2.90+0.18b 3.04+0.22a 10.91+0.42b
K3 4.15+0.10b 7.75£0.07ab  7.49+0.44a  16.38+0.43b  3.85+0.07a  2.37+0.04b 2.42+0.12b 14.14+0.69a
V2 KO 4.14+0.37ab  2.84+0.11c  2.81+0.08¢ 5.48+0.25b  4.57+0.14a  2.18+0.19b 2.10+0.08¢ 7.83+0.49¢
K1 3.65+0.35b 3.98+0.29b  3.51+£0.07b  15.07£0.91a 3.57+0.11a 1.77+0.11b 3.02+0.19b 23.46+0.52a
K2 5.25+0.25a 3.92+0.10b  4.08+0.06a  14.35+0.61a  4.87+0.05a  1.72+0.05b 3.79+0.18a 15.87+1.59b
K3 4.91+0.40a 4.70+0.27a  4.06+0.07a  13.89+0.29a  4.35+0.17a  3.22+0.17a 3.154£0.07b 14.38+1.01b
Vi V2 ¢ m o 23’ KO K1 K2 K3 0 kg(K20)'hm™? 30 kg(K,0)hm 2 60 kg(K,0)-hm 2
90 kg(K,0)-hm 2 P<0.05 V1 and V2 are oil flax cultivars ‘Longya No. 11’ and ‘Dingya

No. 23°. KO0, K1, K2 and K3 are potassium levels of 0 kg(KZO)'hm’Z, 30 kg(KZO)-hm’Z, 60 kg(KZO)'hm’2 and 90 kg(KZO)'hm’Z, respectively. Values
of the same cultivar within the same line followed by different lowercase letters are significantly different at P<0.05 level.
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K2 K3 VI ( 3)
KO 51.71%
47.20% 19.08%  30.76%, V2 , V1
85.30% 84.76% 58.10% 50.96% (r=—0.693, P<0.05) (r=—0.761, P<0.01)
2.2 ,
(r=—0.786 r=—0.740, P<0.01) V2
( 2 ,
, \! 2
3.14%~9.62%  5.00%~9.79% , Vi V2 (r=0.602  r=0.589,
V2 P<0.05) (r=0.602  r=0.630, P<0.05)
3.92%~12.09% , Vi V2 ,
, KO 4.13% 1.73% , K2 ,
K3 VI KO V2
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Table 2 Plant morphology changes of different cultivars of oil flax at different growth stages with different potassium levels

Plant height (cm) Culm diameter (mm)
Cultivar  Treatment . . . . . .
Budding Flower Green fruit Maturation Budding Flower Green fruit Maturation
stage stage stage stage stage stage stage stage
Vi KO 64.02+0.26a  78.01+0.77a 73.47+0.4a 68.1+2.78a 2.21+0.09¢ 2.53+0.05b 2.56+0.01c  2.19+0.01c
K1 57.86+0.53d  74.11+0.58b 69.45+0.21b  71.27+4.21a  2.31+0.12bc  2.73+0.05ab 2.9+0.01ab  2.25+0.09bc
K2 60.5£0.27¢  70.37+0.65¢ 70.41£1.39b  61.98+2.88a  2.76+0.16a 2.91+0.1a 3.05+0.10a  2.42+0.05ab
K3 62.01+£0.04b  72.64+0.58b 74.41+1.13a  66.95+1.91a  2.65+0.09ab  2.82+0.12ab 2.83+0.03b  2.48+0.04a
V2 KO 61.03+0.51a  63.91+0.34a 60.18+0.42b  60.88+0.28a  2.25+0.06b 2.16+0.05b 2.36+0.18a  1.88+0.09b
K1 53.65+0.01c  64.42+0.23a 63.09+0.36a  59.77+0.67a  2.3+0.07b 2.21+0.06b 2.77+0.08a  2.23+0.12a
K2 58.64+0.49b 61.5+0.28a 59.14+0.34b  60.01+0.35a  2.64+0.06a 2.29+0.05ab 2.89+0.11a  2.03+0.03ab
K3 58.33+0.6b  62.67+1.76a 59.62+0.54b  60.85+0.51a  2.36+0.03b 2.42+0.03a 2.69+£0.22a  2.17+0.04a
Vi V2 11 > KO K1 K2 K3 0 kg(K,0)'hm™ 30 kg(K,0)hm™? 60 kg(K,0)-hm™>
90 kg(K,0)-hm 2 P<0.05 V1 and V2 are oil flax cultivars ‘Longya No. 11’ and ‘Dingya

No. 23°. K0, K1, K2 and K3 are potassium levels of 0 kg(K20)~hm72, 30 kg(KZO)-hmfz, 60 kg(K20)~hm72 and 90 kg(K20)~hm72, respectively. Values
of the same cultivar within the same line followed by different lowercase letters are significantly different at P<0.05 level.
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Table 3 Correlation analysis of plant morphology and lodging index of stem of different cultivars of oil flax at different growth stages

Vi1 V2
Budding Flower Green Maturation Budding Flower Green Maturation
stage stage fruit stage stage stage stage fruit stage stage
Plant height —0.693" —0.155 -0.761" -0.211 0.504 -0.186 -0.188 —0.455
Gravity center height —0.101 -0.786" -0.405 -0.740" 0.374 —0.644" 0.412 0.307
Culm diameter 0.635 0.221 0.602" 0.602" 0.467 0.632 0.589" 0.630"
ROk P<0.01 P<0.05 ** and * indicate significant correlation at P<0.01 and P<0.05 levels, respectively.
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Fig. 2 Stem lignin contents of different cultivars of oil flax at different growth stages with different potassium levels
Vi V2 ¢ 1 23 ° KO KI K2 K3 0 kg(K,0)-hm™ 30 kg(K,0)hm™? 60 kg(K,0)-hm™
90 kg(K,0)-hm ™ P<0.05 V1 and V2 are oil flax cultivars ‘Longya No. 11” and ‘Dingya No. 23”.

KO0, K1, K2 and K3 are potassium levels of 0 kg(K,0)-hm 2, 30 kg(K,0)-hm 2, 60 kg(K,0)-hm 2 and 90 kg(K,0)-hm 2, respectively. Different lower-
case letters in the same growth stage indicate significant differences at P<0.05 level.

n ’ 2.4
x4 TREEHARMIMRUBENEFRREZI
B R 5 (F 1) 2.4.1 (PAL)
Table 4 Significance analysis (F value) of effects of cultivar 3 s
and potassium supply and their interaction on lignin content of PAL
stem of oil flax at different growth stages ’
> PAL R
Factor Seedling Budding Flower Green  Matura- , PAL , Vi K3
stage stage stage fruit stage tion stage KO 44.83%  30.09% V2
. ( . 0,
Cultivar (C) 2295  19.8117 1.606 32.760" 17.380™
K1 KO 27.15% 120.39%; V1 V2
Potassium supply ~ 7.614"  1.072  24.673" 12.578" 8.893" PAL K2
level (K
evel (9 w . . , KO 2.76% 8.86% 33.03%
CxK 6.106 2.492 8.920 6.777 1.987
P P00l =003 — 43.56% 55.98% 26.09% ,
indicate significant effects at P<0.01 and P<0.05 levels, respectively. V1l V2 PAL
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3 FAREEEAETAERAKSMAREERRNZENT 4 HARZRG XEEFETK
Fig. 3 Variations of activities of four key enzymes of lignin metabolism of stems of different oil flax cultivars at different growth
stages under different potassium levels
PAL: ; TAL: ; CAD: ; POD: V1l V2 ¢ 1 23
> KO KI K2 K3 0 kg(K,0)-hm™? 30 kg(K,0)hm? 60 kg(K,0)'hm > 90 kg(K,0)-hm > PAL: phenylalanine ammonia-lyase;
TAL: tyrosine ammoni-lyase; CAD: cinnamon-alcohol dehydrogenase; POD: peroxidase. V1 and V2 are oil flax cultivars ‘Longya No. 11’ and
‘Dingya No. 23°. K0, K1, K2 and K3 are potassium levels of 0 kg(KzO)~hm’2, 30 kg(KZO)-hm’Z, 60 kg(KzO)hm’2 and 90 kg(KzO)~hm’2, respectively.
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R7.70% 57.50% 33.71% ’ ) —2.803—0.456x,+0.129x,+0.362x3-0.004x, (R*=0.917,
CAD V1 N=12, P=0.006) 4 Vi
V2 CAD , v2
CAD 2.5
2.4.4 (POD)
Vi POD
, V2 POD 5
, ( Vi PAL
3) VI POD K2> » TAL  POD ’
K3>K1>K0 ,Vl  POD , PAL  CAD V2
POD 14.45% CAD , TAL POD
16.90% 30.06% 16.21% V2 , V2
, POD K1 KO , PAL TAL CAD
40.03%~63.15%, V2 K3 POD ,
KO 33.66% ,VI V2 K2 ,

x5 TRPHRRMEERRAARZSEREXEEESRARERN ST
Table 5 Correlation analysis of lignin content, related enzymes activities and lodging index of different oil flax cultivars at late
growth stage

Enzyme activity

Cultivar Item Lignin content PAL CAD TAL POD
Vi Lignin content 0.613" 0.550 0.712" 0.716"
Snapping resistance 0.259 0.513 0.035 0.482 0.271
Lodging resistance index 0.541 0.766" 0.7617  0.350 0.521
V2 Lignin content 0.044 0.790"  0.647" 0.608"
Snapping resistance 0.668" 0.139 0.311 0.342 0.028
Lodging resistance index 0.631" 0.334 0.278 0.439 0.026
PAL: ; TAL: ; CAD: ; POD: Vi V2 ¢ 1 23
*oowE P<0.05 P<0.01 PAL: phenylalnine ammonialyase; TAL: tyrosine ammonilyase; CAD: cinnamyl-alcohol

dehydrogenase; POD: peroxidase. V1 and V2 are oil flax cultivars ‘Longya No. 11° and ‘Dingya No. 23’. * and ** indicate significant correlation at

P<0.05 and P<0.01 levels, respectively.

2.6

, V1 K1 K2 K3

KO 1.68% 5.12% 10.72%,
V2 K2 K3
KO 12.24% 17.77%, Kl KO

http://www.ecoagri.ac.cn



5 829
K2 5 Vi
> ,2
(F=774.69, F=49.10, P<0.01), , V1 V2
(F=6.03, P<0.05) 44.37%
2000 - 69.88%,
1800 be i [40] [41]
c
~ 1600+ a a , ,
£ 1400} @ 2
=
1) L b
2 1200 [42]
2 1000 >
> 800t , , V1
ﬂlﬂi{ 600 V2
400 -
200l Vi V2
0 19.45% 26.42%,
KO | K1 | K2 | K3 KO | K1 | K2 | K3 30.27% 83.65%
Vi V2
K-SR Potassium level and cultivar
4 FRBAKETREBREHEBEL , ,
Fig. 4 Yield variations of different oil flax cultivars under [43-44]
different potassium levels
Vi V2 ¢ 1 23 ’ KO Kl PAL TAL CAD POD
K2 K3 0 kg(K,0)hm™ 30 kg(K,O)hm? 60
kg(K,0)hm™ 90 kg(K,0)-hm™> ’
P<0.05 V1 and V2 are oil flax cultivars ‘Longya No. 11’ >
and ‘Dingya No. 23°. K0, K1, K2 and K3 are potassium levels of 0 [45] [46]
kg(K,0)hm 2, 30 kg(K,0)yhm?, 60 kg(K,0)yhm? and 90 ’
kg(K,0)-hm %, respectively. Different lowercase letters for the same (Solanum lycopersicum) PAL
cultivar indicate significant differences at P<0.05 level. POD
. \"2! V2 PAL
3 Wit54%it PAL
V1
(331 V2 TAL
: Bl B , VI V2 TAL
(Orobanche cumana) , TAL , 2
s s , CAD
, ,VI V2 , ,
2.61%~7.11% 1.84%~2.71%, Vi V2 CAD ,
5 2 ( 42.19% 17.92% V1
— ) POD , V2
, V1l V2 , POD , [47)
R POD s 5
s Vi1 PAL TAL POD
[38] , V2
> CAD TAL POD
[39]
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[33]

(48] , V1l V2
4.04%  7.95%, 2

, Vi

[49]

, V2 V1
, V2
vl

[33] )[50]

(Fagopyrum esculentum

E >

, V2

Vi V2 :
.Vl V2

,V1 PAL CAD

, 2 TAL CAD

>

, [60~90 kg(K,0)-hm ]

>
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