& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Ning Ling,
Nanjing Agricultural University, China

REVIEWED BY
Kai Luo,

Hainan University, China

Chao Zhang,

Hebei Agricultural University, China
Cristiano Magalhdes Pariz,

Sao Paulo State University, Brazil

*CORRESPONDENCE
Jingwen Zhang
zhangjingwen19114@126.com
Xipeng Ding
xipding@163.com

These authors have contributed
equally to this work and share
first authorship

RECEIVED 17 January 2023
ACCEPTED 17 April 2023
PUBLISHED 12 May 2023

CITATION

Li X, Sheng W, Dong Q, Huang R,

Dong R, Liu G, Ding X and Zhang J (2023)
Analysis of seed production and seed
shattering in a new artificial grassland
forage: pigeon pea.

Front. Plant Sci. 14:1146398.

doi: 10.3389/fpls.2023.1146398

COPYRIGHT

© 2023 Li, Sheng, Dong, Huang, Dong, Liu,
Ding and Zhang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science

TvpPE Original Research
PUBLISHED 12 May 2023
DO110.3389/fpls.2023.1146398

Analysis of seed production and
seed shattering in a new artificial
grassland forage: pigeon pea

Xinyong Li"", Wei Sheng'*, Qianzhen Dong™? Rui Huang?,
Rongshu Dong*, Guodao Liu®, Xipeng Ding™
and Jingwen Zhang*

*Institute of Tropical Crop Genetic Resources, Chinese Academy of Tropical Agricultural Sciences,
Danzhou, China, 2College of Tropical Crops, Hainan University, Haikou, China, *Ministry of Education
Key Laboratory for Ecology of Tropical Islands, College of Life Science, Hainan Normal University,
Haikou, China

Pigeon pea is a perennial leguminous plant that is widely cultivated as a forage
and pharmaceutical plant in subtropical and tropical areas, especially in artificial
grasslands. Higher seed shattering is one of the most important factors in
potentially increasing the seed yield of pigeon pea. Advance technology is
necessary to increase the seed yield of pigeon pea. Through 2 consecutive
years of field observations, we found that fertile tiller number was the key
component of the seed yield of pigeon pea due to the direct effect of fertile
tiller number per plant (0.364) on pigeon pea seed yield was the highest.
Multiplex morphology, histology, and cytological and hydrolytic enzyme
activity analysis showed that shatter-susceptible and shatter-resistant pigeon
peas possessed an abscission layer at the same time (10 DAF); however,
abscission layer cells dissolved earlier in shattering-susceptible pigeon pea (15
DAF), which led to the tearing of the abscission layer. The number of vascular
bundle cells and vascular bundle area were the most significant negative factors
(p< 0.01) affecting seed shattering. Cellulase and polygalacturonase were
involved in the dehiscence process. In addition, we inferred that larger vascular
bundle tissues and cells in the ventral suture of seed pods could effectively resist
the dehiscence pressure of the abscission layer. This study provides foundation
for further molecular studies to increase the seed yield of pigeon pea.

KEYWORDS

pigeon pea, seed yield, yield component, structural equation model, seed shattering,
abscission layer

Introduction

Pigeon pea (Cajanus cajan (Linn.) Millsp.) is a perennial leguminous plant with a wide
range of uses because it tolerates drought and barren soil. It can be used as a forage and
pharmaceutical plant (Khuntia et al., 2022), and pigeon pea is widely planted in subtropical
and tropical regions and plays a major role in artificial grasslands. However, higher seed
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shattering is one of the most important factors in potentially
increasing the seed yield of pigeon pea.

Seed production is very important in all forage species. The seed
yield of perennial forage is affected by the contribution of its
components (Bhatt, 1973). Screening key yield components is
conducive to improving seed yield (Nouraein, 2019). Using path
analysis and regression analysis, we can determine a one-way causal
relationship between the yield components of sequential
development, that is, the causal relationship between yield
components and seed yield. This relationship has been
determined in many crops, such as soybean (Glycine max (L.)
Merrill.), perennial ryegrass (Lolium perenne L.), red clover
(Trifolium pratense L.), and chickpea (Cicer arietinum L.) (Jain
et al,, 2015; Abel et al., 2017; Amdahl et al., 2017; Chopdar
et al., 2017).

Pod shattering refers to the phenomenon in which the ventral
or dorsal suture of the pod splits at the mature stage, causing seeds
to spread (Parker et al, 2020). It is often found in Cruciferae
(Rodriguez-Gacio et al,, 2004; Qing et al., 2021) and Leguminosae
(Christiansen et al., 2002; Ma et al., 2020). Pod shattering is a major
means of reproduction for plants themselves, but this atavistic
phenomenon is not conducive to seed production (Abd EIl-
Moneim, 1993). There is a certain relationship between the
morphological characteristics of pods shatter resistance (Braatz
et al., 2018). The mechanical force ability of the abscission layer
to withstand external factors is weaker when the dehiscence degree
is stronger (Jia et al, 2021). Importantly, the abscission layer is
located at the junction of the pod ventral and dorsal sutures. With
pod growth, the water content of the pod tends to rise first and then
decline (Kuai et al., 2016). The pectin of the pod abscission layer is
decomposed by cellulase (CE) and polygalacturonase (PG), which
together promote pod dehiscence (Dong et al., 2019; Guo et al,
2022). Meanwhile, the key cell structures (fiber cap cells, outer valve
marginal cells) controlling pod dehiscence have provided new
insight (Dong et al., 2014; Dong et al., 2017b). These results show
that pod dehiscence is under the joint regulation of factors such as
the apparent morphological characteristics, plant cell structure,
physical conditions, physiology and biochemistry, and
external environment.

In this study, we observed 21 morphological characteristics of
70 pigeon pea accessions to explore the relationship between yield
components and seed yield and the effect of morphological
characteristics on pigeon pea pod dehiscence. Among accessions,
by comparing differences in pod dehiscence, multiplex morphology,

TABLE 1 Basic information on the 70 pigeon pea accessions.

10.3389/fpls.2023.1146398

and physiological and anatomical structure of pods, the mechanism
of pod dehiscence in pigeon pea was systematically and
comprehensively studied.

Materials and methods
Plant material

The 70 pigeon pea accessions used in this study (Table 1) were
grown at the forage base of the Chinese Academy of Tropical
Agriculture Sciences, Hainan, China (N 19°30’, E 109°30’, 149 m
above sea level). The mean annual precipitation is 2229 mm.

Experimental design and seed
yield components

The experiment began in April 2021. One experimental plot was
planted for each germplasm material, and 12 individual plants were
established in each plot. After 2 years of field observation, 10
shatter-susceptible accessions were selected, and the dehiscence
characteristics were stable. Statistical analysis of field agronomic
characteristics was carried out in 2021. After reaching the full
flowering stage, 5 pigeon peas were randomly selected from each
experimental plot for marking. Yield components were fertile tiller
number per plant (FTP), inflorescences per tiller (IT), flowers per
inflorescence (FI), ovules per flower (OF) and thousand-seed weight
(TSW). The actual seed yield per plant was calculated for 5 plants
taken from the center of each plot. Seeds were air-dried to 6 to 8%
moisture before seed yield was calculated. The potential seed yield
(PSY) per plant was determined by the following equation:

PSY = (FTP x IT x FI x OF x TSW)/1000

Morphological characteristics

Plant height, crown breadth, number of primary branches,
number of secondary branches, fertile tillers, length and width of
the middle leaflets on triple leaves, flowers per inflorescence,
inflorescences per tiller, and ovules per flower were measured at
the flowering stage of the plant. In the seed maturation stage, pod

Code Accessions Source of seed Code Accessions Source of seed
1 D21001 Hainan 36 D21036 Guangdong
2 D21002 Hainan 37 D21037 Hainan
3 D21003 Hainan 38 D21038 Yunnan
4 D21004 Hainan 39 D21039 Hainan
5 D21005 Hainan 40 D21041 India
(Continued)
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TABLE 1 Continued

10.3389/fpls.2023.1146398

Code Accessions Source of seed Code Accessions Source of seed
6 D21006 Hainan 41 D21042 Hainan

7 D21007 Hainan 42 D21043 Hainan

8 D21008 Hainan 43 D21045 India

9 D21009 Guangxi 44 D21046 Guangdong
10 D21010 Hainan 45 D21047 Hainan

11 D21011 Hainan 46 D21048 Hainan

12 D21012 Hainan 47 D21049 Guangxi

13 D21013 Guangxi 48 D21050 Yunnan

14 D21014 Jiangxi 49 D21051 Guangdong
15 D21015 Jiangxi 50 D21054 Guangxi

16 D21016 Guangxi 51 D21055 India

17 D21017 Guangxi 52 D21056 Hainan

18 D21018 India 53 D21057 Yunnan

19 D21019 India 54 D21059 Yunnan

20 D21020 India 55 D21061 Hainan

21 D21021 Hainan 56 D21063 Yunnan

22 D21022 Fujian 57 D21065 Hainan

23 D21023 Hainan 58 D21066 Yunnan

24 D21024 Hainan 59 D21067 Yunnan

25 D21025 Hainan 60 D21076 Yunnan

26 D21026 Hainan 61 D21080 Yunnan

27 D21027 Hainan 62 D21081 Hainan

28 D21028 Guangdong 63 D21084 Guangdong
29 D21029 Hainan 64 D21086 Yunnan

30 D21030 Hainan 65 D21090 Yunnan

31 D21031 Hainan 66 D210%4 Myanmar
32 D21032 Hainan 67 D21095 Myanmar
33 D21033 EL Salvador 68 D21099 EL Salvador
34 D21034 Hainan 69 D21100 Pakistan

35 D21035 Hainan 70 D21103 Kenya

width, length, and thickness, the number of seeds per pod, and plant
biomass were measured.

Characteristics of pod dehiscence

The mechanical force of pod dehiscence was measured by an
Adelberg HP-50 digital display push-pull meter, including vertical
and horizontal pod mechanical forces. Fifty mature pods of each
accession were dried for several weeks until the pods naturally
dehisced (without manual intervention), and the pod shattering rate

Frontiers in Plant Science

was determined. The torsion laps of the pod were measured by
taking the pod wall as a circle with 360 degrees of upward spiral.

Features of the abdominal suture

Two shatter-susceptible accessions (D21001, D21034) and two
shatter-resistant accessions (D21023, D21025) were selected. The
samples were obtained at 10, 15, 20, 25, 30, and 35 days after
flowering (DAF) and were saved in FAA (formaldehyde alcohol
acetic acid) fixative for paraffin sectioning of pod ventral sutures.
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The plant tissues were stained for 25 min with 0.7% toluidine blue.
Then, the target area was selected with CaseViewer 2.4 scanning
software for 120 images. After imaging, Image-Pro Plus 6.0 software
was used to measure the single vascular bundle cell area, abscission
layer cell area, vascular bundle area, width of the vascular bundle
area and single vascular bundle cells, length of the vascular bundle
area and number of vascular bundle cells.

Physiological characteristics

The pod wall and seed of each pod were separated at 20, 25, 30,
and 35 DAF to calculate water content. Enzyme activity was
determined with a cellulase and polygalacturonase activity
detection kit (Beijing Solarbio Science & Technology Co., Ltd.).

Data and statistical analysis

Microsoft Excel was used for data entry and tables. Data
analysis was done with DPS 7.05 (DPS Inc., USA) software and
origin2022bsrl was used for figures, A 3DHISTECH (Hungary)
panoramic slice scanner was used for tissue sectioning,
3DHAISTECH (Hungary) CaseViewer 2.4 was used for tissue
observation, and Media Cybemetrics (U.S.A.) Image-Pro Plus 6.0
was used for tissue data analysis. Structural equation modeling
(SEM) is a powerful tool for examining relationships between
causally linked intercorrelated variables. Each single-headed arrow
in a structural equation model represents a causal relationship
where the variable at the tail of the arrow is a direct cause of the
variable at the head.

Results
Yield components and seed yield

From the yield components and seed yield (Table 2), we found
that the average actual seed yield was only 6% of the potential seed
yield, indicating that there is great potential to increase seed yield in
pigeon pea. The small coefficient of variation for flowers per
inflorescence indicated that this component had better overall
stability. The variation coefficients for inflorescences per tiller and
fertile tiller number per plant were relatively large, indicating that
the seed yield is largely affected by these two components.

TABLE 2 Analysis of seed yield and yield components.

10.3389/fpls.2023.1146398

The SEM showed that the direct effect of fertile tiller number per
plant (0.364) on pigeon pea seed yield was the highest of the 5
components (Figure 1). Furthermore, the negative indirect effect of
inflorescences per tiller (-0.330), based on fertile tiller number per
plant, was large. No indirect or direct effect was observed for flower
number per inflorescence or thousand seed weight.

Mechanical characteristics of the pod

Pod dehiscence was observed in the field (Figures 2A, B), and
the highest seed shattering rate was 100% in 70 pigeon pea
accessions (Figure 2C). Prior studies indicate that the ratio of
actual seed yield to potential seed production for pigeon peas is
quite low. We hypothesize that this phenomenon may be
responsible for poor seed yield.

The pod wall torsion lapse number, the horizontal and vertical
pod mechanical forces were significantly different (p< 0.01) between
shatter-resistant and shatter-susceptible pigeon pea accessions. The
results showed that the pod wall torsion lapse number of shatter-
susceptible pigeon pea accessions (1.65) was significantly (p< 0.01)
higher than that of shatter-resistant pigeon pea accessions (0.01)
(Figure 3A). Horizontal and vertical pod-shattering mechanical
forces for shatter-resistant pigeon pea accessions (9.83 N,
13.40 N) were significantly (p< 0.01) higher than those of shatter-
susceptible pigeon pea accessions (3.18 N, 3.21 N); mechanical
forces were 3.09 and 4.17 times those of the shatter-susceptible
pigeon pea accessions, respectively (Figures 3B, C).

Morphological characteristics of pods

The results for pod morphological characteristics showed that the
pod length of shatter-susceptible pigeon pea accessions (6.37 cm) was
significantly (p< 0.05) lower than that of shatter-resistant pigeon pea
accessions (7.08 c¢cm) (Figure 4A). Pod width, thickness, and the
thickness-width ratio of shatter-resistant pigeon pea accessions were
higher than those of shatter-susceptible pigeon pea accessions, but
there were no significant differences (Figures 4B-D).

Correlations between agronomic traits and
pod-shattering rate

Correlations between the shattering rate and 21 field agronomic
traits showed that the pod shattering rate of pigeon pea was

Index FTP IT Fl OF TSW (g) SY (9) PSY (g) SY/PSY (%)
Maximum 152.7 26.3 83 5.8 177.8 349.5 7875.8 14
Minimum 21.0 5.5 7.3 3.9 77.5 31.1 793.8 1
Average value 79.0 11.6 7.9 4.8 99.2 156.8 32193 6
Standard deviation 283 5.4 0.3 0.4 16.2 68.9 1615.6 3
Variable coefficient (%) 35.9 46.2 43 7.5 16.3 439 50.2 50.5
Frontiers in Plant Science 04 frontiersin.org
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FIGURE 1

The structural equation model linking pigeon pea seed yield to yield
components. Each arrow illustrates a relationship in which the
change in one variable at its head directly causes the change in
another variable at its tail. Dotted arrows represent nonsignificant
pathways. Greater standardized coefficients (given beside each
significant path) show a stronger relationship between the variable
at the head and the variable at the tail.

extremely significantly negatively correlated (p< 0.01) with the
horizontal and vertical pod-shattering mechanical force. The pod
shattering rate was significantly positively correlated (p< 0.05) with
pod length (Figure 5).

Histological analysis of pod ventral sutures

We compared the microstructure of ventral sutures
(Figure 6A) in pigeon pea accessions at six developmental
stages. The abscission layer cells of shatter-susceptible

-4 =%

10DAF  15DAF

c 120.00% 1

100.00%

80.00%

60.00%

40.00%

Shattering rate (%)

20.00%

0.00% -

10.3389/fpls.2023.1146398

accessions initially formed at 10 DAF (Figure 6B, al and bl)
and began to degrade at 15 DAF (Figure 6B, b2) outward from
the mesocarp to the exocarp and inward to the endocarp
(Figure 6B, a4 and b4). The pods had completely dehisced at
30 DAF (Figure 6B, a5 and b5). The shatter-resistant pod
accessions also had an abscission layer that formed at 10
DAF (Figure 6B, cl and d1). With the development of pods,
the abscission layer degraded by 20 DAF (Figure 6B, ¢3 and d3)
but without breaking through the endocarp and exocarp, and
dehiscence was achieved at 35 DAF (Figure 6B, c6 and d6).

Characterization of pod abscission
layer cells

The pod abscission layer cell characterization showed that the
area of abscission layers cells and single vascular bundle cells, the
width of single vascular bundle cells and the vascular bundle area
were higher in shatter-resistant accessions than in shatter-
susceptible accessions at 30 DAF (Figure 7). Single vascular
bundle cell width and single vascular bundle cell area of shatter-
resistant accessions were significantly (p< 0.05) higher than those of
shatter-susceptible accessions at 30 DAF (Figures 7A, D). The width
of the vascular bundle area of shatter-susceptible accessions was
extremely significantly (p< 0.01) higher than that of shatter-
resistant accessions at 20 DAF (Figure 7B). The abscission layer
cell area of shatter-resistant accessions was extremely significantly
(p< 0.01) higher than that of shatter-susceptible accessions at 35
DAF (Figure 7C).

[ 4
Shatter-susceptible

Shatter-resistant

135 7 911131517192123252729 3133 3537 394143 4547 4951 535557 5961 63 65 67 69

FIGURE 2

Different seed shattering habits of the pigeon pea accessions. (A) Different pods development stages of shatter-susceptible and shatter-resistant
pigeon peas at 5, 10, 15, 20, 25, 30, and 35 days after flowering (DAF). (B) Schematic diagram of the types of shatter-resistant and shatter-susceptible
pods of pigeon pea. (C) Shattering rate of 70 pigeon pea accessions. Bars indicate the mean + SD.
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FIGURE 3
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Pod mechanical characteristics of shatter-susceptible and shatter-resistant pigeon pea. (A) Pod wall torsion laps number. (B) Pod-shattering
mechanical force for horizontal. (C) Pod-shattering mechanical force for vertical. ** Significant difference (p< 0.01) between shatter-susceptible and
shatter-resistant pigeon peas

FIGURE 4
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Pod morphological characteristics of shatter-susceptible and shatter-resistant pigeon pea. (A) Pod length. (B) Pod width. (C) Pod thickness

(D) thickness to width ratio. *Significant difference (p < 0.05) between shatter-susceptible and shatter-resistant pigeon peas
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FIGURE 5

Heat map of correlation between agronomic traits and pod-shattering rate. Y = shattering rate; X1 = inflorescences per tiller; X2 = pods number per
branch; X3 = ovules per flower; X4 = seeds per pod; X5 = seed weight per plant; X6 = plant height; X7 = crown breadth; X8 = length of the center
of shape; X9 = width of the center of shape; X10 = phytomass; X11 = pod length; X12 = pod width; X13 = pod thickness; X14 = primary branches
number; X15 = secondary branches number; X16 = fertile tillers number of per plant; X17 = pod-shattering mechanical force for horizontal; X18 =
pod-shattering mechanical force for vertical; X19 = thousand-seed weight; X20 = flowers per inflorescence; X21 = setting rate. *Significant
difference (p < 0.05) of probability, **Significant difference (p < 0.01) of probability.

In addition, the vascular bundle area, vascular bundle cell
number and length of the vascular bundle area of shatter-
susceptible accessions were lower than those of shatter-resistant
accessions at 30 DAF and 35 DAF (Figures 7E-G).

Further principal component analysis was performed on 7
indices and the pod shattering rate. Six stages of pod development
were divided into pod growth stage (10, 15, 20 DAF) (Figure 8A) and
development stage (25, 30, 35 DAF) (Figure 8B). According to PCA

of the pod growth stage, PC1 and PC2 explained 70.1% of the total
variation in shatter-resistant and shatter-susceptible pigeon pea
accessions. Single vascular bundle cell area and vascular bundle
area were the most significant factors (Figure 8A). According to
PCA of the pod development stage, PC1 and PC2 explained 75.4% of
the total variation, and vascular bundle area and abscission layer cell
area were the most significant factors affecting seed
shattering (Figure 8B).

Shatter-susceptible
(D21023)

Shatter-susceptible
(D21025)

Shatter-resistant
(D21001)

Shatter-resistant
(D21034)

FIGURE 6

Histological analysis of the abscission zone. (A) Schematic diagram of the cross-section of the suture in the belly of pigeon pea pods. EX, Exocarp;
ME, Mesocarp; EN, Exocarp; VB, Vascular bundle; AL, Abscission layer. (B) Cross-sectional structure of pod ventral sutures at different development

stages of hatter-susceptible and shatter-resistant pigeon peas.
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35DAF

30DAF  35DAF

Characterization of pod abscission layer cells. (A) Area of single vascular bundle cell. (B) Width of vascular bundle area. (C) Area of abscission layers
cell. (D) Width of single vascular bundle cell. (E) Length of vascular bundle area. (F) Vascular bundle area. (G) Number of vascular bundle cell
*Significant difference (p < 0.05), **Significant difference (p < 0.01) between shatter-susceptible and shatter-resistant pigeon peas.

Pod moisture variation

Comparing pod moisture variation for shatter-resistant and

shatter-susceptible pigeon pea accessions at different development
stages showed that the pod wall water content of shatter-susceptible
accessions was lower than that of shatter-resistant accessions during
pod development and reached significant difference (p< 0.05) at 25
DAF and 30 DAF (Figure 9A). The seed water content of shatter-

FIGURE 8
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resistant pigeon pea accessions was consistent with the trend of pod

wall water content (Figure 9B).

Hydrolytic enzyme activity

The CE activity showed the trend of first increasing and then
decreasing. The CE activity of shatter-resistant accessions was
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Principal component analysis of (A) pod growth stage (10, 15, 20 DAF) and (B) pod development stage (25, 30, 35 DAF). SR=shattering rate;
S1= single vascular bundle cell width; S2=single vascular bundle cell area; S3= width of vascular bundle area; S4=abscission layers cell area; S5=the
length of vascular bundle area; S6=vascular bundle area; S7=the number of vascular bundle cell
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significantly (p< 0.01) higher than that of shatter-susceptible
accessions at 20 DAF and 25 DAF. However, the CE activity of
shatter-resistant accessions decreased immediately after 25 DAF
and was lower than that of shatter-susceptible accessions at 30 DAF
and 35 DAF (Figure 10A).

The PG activity showed an increasing trend during pod
development. The PG activity of shatter-susceptible accessions
was lower than that of shatter-resistant accessions from 20 DAF
to 30 DAF, but there was no significant difference. However, the PG
activity of shatter-susceptible accessions increased immediately
after 25 DAF and was significantly (p< 0.01) higher than that of
shatter-resistant accessions at 35 DAF (Figure 10B).

Discussion

Yield components and seed shattering
contribute to seed yield

Seed vyield is controlled by yield components, other agronomic
traits and environmental factors. In this study, the average ratio of
actual seed yield to potential seed yield in pigeon pea was 6%, which
was much lower than that of Lolium perenne (13%), Dactylis
glomerata (17%), Festuca arundinacea (11%) or Cleistogenes
songorica (43%) (Falcinelli, 1999; Li et al., 2014). Meanwhile, the
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FIGURE 10

highest seed shattering rate was 100% in 70 pigeon pea accessions.
These results demonstrate that there is great potential to increase seed
yield in pigeon pea, and higher seed shattering is one of the most
important factors. Fertile tiller number per plant had a direct effect on
the seed yield of pigeon pea, while the negative indirect effect of
inflorescence number per tiller, based on the fertile tiller number per
plant, was large. No indirect or direct effect was observed for flower
number per inflorescence or thousand seed weight. These results
differ from previous studies and show that seed yield in pigeon pea is
not limited by the number of inflorescences, such as in cowpea
(Vigna unguiculata (L.) Walp.) or red clover (Trifolium pratense L.)
(Amdahl et al., 2017; Mashood et al., 2022). However, these results
are similar to several other reports, which showed that fertile tiller
number was the most important seed yield component in lentil (Lens
culinaris Medik.) (Sharma et al., 2022) and chickpea (Cicer
arientinum L.) (Ton and Anlarsal, 2017). These results indicate
that decreasing seed shattering and increasing fertile tiller number
will improve the actual seed yield of pigeon pea.

Agronomic characters affect
pod dehiscence

A previous study pointed out that in soybean, there was a strong
correlation between the seed number per pod and pod dehiscence

154

o
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T T T T
20DAF 25DAF 30DAF 35DAF

Specific activity of two cell wall-degrading enzymes, cellulase (A) and polygalacturonase (B) in the abscission zone. Bars indicate the mean + SD.
Double asterisk indicate a significant difference in the enzyme activity between shatter-susceptible and shatter-resistant accessions at the p< 0.01

level.
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(Kataliko et al., 2019). In this study, we found that the horizontal
and vertical pod-shattering mechanical forces, pod length, and
number of tertiary branches were the main factors determining
the pod-shattering rate of pigeon pea. By observing pod dehiscence
characteristics, we found that shatter-resistant pigeon pea
accessions were more capable of withstanding mechanical forces
and lower pod torsion laps than shatter-susceptible pigeon pea
accessions which was consistent with soybean (Funatsuki et al,
2014). Therefore, we inferred that the torsion force was the driving
force, and pod torsion lapse was an intuitive performance feature of
determining pod dehiscence in pigeon pea, which was consistent
with a previous study (Dong et al., 2017b).

Differences in histological and cytological
characteristics in the abscission zone

Some researchers have noted that pod dehiscence is related to
the cell tissue structure of pods (Tu et al., 2019; Kucek et al., 2020).
To explore the development of the abscission zone in pigeon pea, we
synthetic analyzed histological and cytological characteristics. There
were obvious abscission layers in both shatter-susceptible and
shatter-resistant pigeon pea accessions. Even during pod
development, we found that shatter-susceptible and shatter-
resistant pigeon peas had abscission layers at the same time. In
addition, we also found that during the late development of pods,
the vascular bundle area and vascular bundle cell number were the
most significant negative factors affecting seed shattering.
Therefore, it was speculated that larger vascular bundle tissue and
cells were better able to withstand the dehiscence pressure from the
abscission layer (Jia et al., 2021).

Water content and hydrolytic
enzyme activity

A previous study showed a correlation between pod water
content and pod dehiscence (Menendez et al., 2019). The water
content of pods can indirectly explain the ability of the vascular

Positive correlation

Pod torsion laps|
Number of fertile tillers per plant]

v

10.3389/fpls.2023.1146398

bundles of pods to transport nutrients (Zhang et al., 2018). The
water content of the pod wall of shatter-resistant pigeon pea was
significantly higher than that of shatter-susceptible pigeon pea at 25
DAF and 30 DAF in this study, indicating that at these times, the
cell wall of shatter-susceptible pigeon pea had a higher degree of
lignification. This result was also confirmed by histological staining.

CE and PG participate in the degradation of cellulose and
pectin; they are two important hydrolase enzymes in the cell wall,
and many studies have shown that these two enzymes can destroy
the structure of plant cell walls and are closely related to pod
dehiscence (Zhao et al.,, 2017; Dong et al., 2017a; Muriira et al.,
2015). Previous studies have shown that the activities of these two
enzymes reach a maximum at the pod maturity stage, and shatter-
susceptible pod materials will transition from nondehiscence to
dehiscence, while the opposite trend occurs in shatter-resistant pod
materials (Christiansen et al., 2002).

In this study, the pods reached physiological maturity at 30
DAF. The CE and PG levels of shatter-susceptible pigeon pea began
to be higher than those of shatter-resistant pigeon pea at this time,
indicating that the two enzymes began to cleave the cell mass in
shatter-susceptible pigeon pea, which destroyed the cell wall and
caused the pods to dehisce.

Model diagram

We found that shatter-susceptible and shatter-resistant pigeon
peas had abscission layers at the same time, but that abscission layer
cells dissolved earlier in shatter-susceptible pigeon pea, which led to
the tearing of the abscission layer. There was a positive correlation
between pod torsion laps, tertiary branch number and dehiscence of
pigeon peas. There was a negative correlation between pod length,
single vascular bundle cell width, vertical and horizontal pod-
shattering mechanical force, the single vascular bundle cell area
and abscission layer cells, vascular bundle area and dehiscence of
pigeon pea. In addition, we inferred that larger vascular bundle
tissues and cells in the ventral suture of seed pods could effectively
resist the dehiscence pressure of the abscission layer. Based on this,
we propose a “balance conservation model” (Figure 11).

Negative correlation

Pod length

ascular bundle area

he area of abscission layers cell

he area of single vascular bundle cell

[Pod-shattering mechanical force for horizontal

v

v

shattering rate

FIGURE 11
Balance conservation model.
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Conclusion

In the present study, we found that there is great potential to
increase seed yield in pigeon pea, and higher seed shattering is one
of the most important factors. Fertile tiller number was the key
component of seed yield. Multiplex morphology, histology, and
cytological and hydrolytic enzyme activity analysis showed that
shatter-susceptible and shatter-resistant pigeon peas had an
abscission layer at the same time, but that abscission layer cells
dissolved earlier in shatter-susceptible pigeon pea, which led to the
tearing of the abscission layer. The vascular bundle cell number and
vascular bundle area were the most significant negative factors
affecting seed shattering. CE and PG were involved in the
dehiscence process. In addition, we inferred that larger vascular
bundle tissues and cells in the ventral suture of seed pods could
effectively resist the dehiscence pressure of the abscission layer. This
study provides a foundation for further molecular studies to
increase the seed yield of pigeon pea.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Author contributions

JZ and XD contributed to the conception and design of the
study. XL, WS and QD performed the experiments. RH, RD and GL

References

Abd El-Moneim, A. M. (1993). Selection for non-shattering common vetch, Vicia
sativa 1. Plant Breed. 110, 168-171. doi: 10.1111/j.1439-0523.1993.tb01231.x

Abel, S., Gislum, R., and Boelt, B. (2017). Path and correlation analysis of perennial
ryegrass (Lolium perenne 1.) seed yield components. J. Agron. Crop Sci. 203, 338-344.
doi: 10.1111/jac.12202

Amdahl, H., Aamlid, T. S., Marum, P., Ergon, A., Alsheikh, M., and Rognli, O. A.
(2017). Seed yield components in single plants of diverse scandinavian tetraploid red
clover populations (Trifolium pratense 1.). Crop Sci. 57, 108-117. doi: 10.2135/
cropsci2016.05.0321

Bhatt, G. M. (1973). Significance of path coefficient analysis in determining the
nature of character association. Euphytica 22, 338-343. doi: 10.1007/BF00022643

Braatz, J., Harloff, H. J., Emrani, N, Elisha, C., Heepe, L., Gorb, S. N,, et al. (2018).
The effect of INDEHISCENT point mutations on silique shatter resistance in oilseed
rape (Brassica napus). Theor. Appl. Genet. 131, 959-971. doi: 10.1007/s00122-018-
3051-4

Chopdar, D. K., Bharti, P. P, Sharma, R. B,, Dubey, B., and Meena, B. L. (2017).
Studies on genetic variability, character association and path analysis for yield and its
contributing traits in chickpea (Cicer arietinum 1.). Legume. Res. 40, 824-829.
doi: 10.18805/1r.v0i0.8395

Christiansen, L., Degan, F., Ulvskov, P., and Borkhardt, B. (2002). Examination of
the dehiscence zone in soybean pods and isolation of a dehiscence-related
endopolygalacturonase gene. Plant Cell Environ. 25, 479-490. doi: 10.1046/j.1365-
3040.2002.00839.x

Dong, R, Dong, D. K, Luo, D., Zhou, Q., Chai, X. T., Zhang, J. Y., et al. (2017a).
Transcriptome analyses reveal candidate pod shattering-associated genes involved in
the pod ventral sutures of common vetch (Vicia sativa 1.). Front. Plant Sci. 8.
doi: 10.3389/fpls.2017.00649

Frontiers in Plant Science

11

10.3389/fpls.2023.1146398

performed the statistical analysis. XL and WS wrote the first draft of
the manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by the Hainan Provincial Natural
Science Foundation of China (323MS082, 320RC721, 2019RC181),
the Specific Research Fund of The Innovation Platform for
Academicians of Hainan Province (YSPTZX202020) and the
Earmarked Found for CARS (CARS-34).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer KL declared a shared affiliation with the authors
WS and QD to the handling editor at the time of review.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Dong, R, Shen, S. H,, Jahufer, M. Z. Z., Dong, D. K., Luo, D., Zhou, Q,, et al. (2019).
Effect of genotype and environment on agronomical characters of common vetch (Vicia
sativa 1.). Genet. Resour. Crop Ev. 66, 1587-1599. doi: 10.1007/s10722-019-00789-3

Dong, D. K, Yan, L. F,, Dong, R,, Liu, W. X,, Wang, Y. R,, and Liu, Z. P. (2017b).
Evaluation and analysis of pod dehiscence factors in shatter-susceptible and shatter-
resistant common vetch. Crop Sci. 57, 2770-2776. doi: 10.2135/cropsci2017.03.0191

Dong, Y., Yang, X, Liu, J., Wang, B. H,, Liu, B. L,, and Wang,, Y. Z. (2014). Pod
shattering resistance associated with domestication is mediated by a NAC gene in
soybean. Nat. Commun. 5:3352. doi: 10.1038/ncomms4352

Falcinelli, M. (1999). Temperate forage seed production. J. New Seeds. 1, 37-66.
doi: 10.1300/J153v01n01_04

Funatsuki, H., Suzuki, M., Hirose, A., Inaba, H., Yamada, T., Hajika, M, et al. (2014).
Molecular basis of a shattering resistance boosting global dissemination of soybean.
Proc. Natl. Acad. Sci. U. S. A. 111, 17797-17802. doi: 10.1073/pnas.1417282111

Guo, M. W,, Zhu, L,, Li, H. Y., Liu, W. P, Wu, Z. N,, Wang, C. H,, et al. (2022).
Mechanism of pod shattering in the forage legume medicago ruthenica. Plant Physiol.
Bioch. 185, 260-267. doi: 10.1016/j.plaphy.2022.06.013

Jain, S., Srivastava, S. C., Singh, S. K., Indapurkar, Y. M., and Singh, B. K. (2015).
Studies on genetic variability, character association and path analysis for yield and its
contributing traits in soybean (Glycine max (L.) merrill.). Legume Res. 8, 182-184.
doi: 10.5958/0976-0571.2015.00031.4

Jia, C. L., Dong, D. K,, Zhou, Q., Searle, I, and Liu, Z. P. (2021). Significant cell
difference of pod ventral suture in shatter-resistant and shatter-susceptible common
vetch accessions. Crop Sci. 61, 1749-1759. doi: 10.1002/csc2.20427

Kataliko, R., Kimani, P., Muthomi, J. W., Wanderi, S., Olubayo, F., and Nzuve, F.
(2019). Resistance and correlation of pod shattering and selected agronomic traits in
soybeans. J. P. S. 8, 39. doi: 10.5539/jps.v8n2p39

frontiersin.org


https://doi.org/10.1111/j.1439-0523.1993.tb01231.x
https://doi.org/10.1111/jac.12202
https://doi.org/10.2135/cropsci2016.05.0321
https://doi.org/10.2135/cropsci2016.05.0321
https://doi.org/10.1007/BF00022643
https://doi.org/10.1007/s00122-018-3051-4
https://doi.org/10.1007/s00122-018-3051-4
https://doi.org/10.18805/lr.v0i0.8395
https://doi.org/10.1046/j.1365-3040.2002.00839.x
https://doi.org/10.1046/j.1365-3040.2002.00839.x
https://doi.org/10.3389/fpls.2017.00649
https://doi.org/10.1007/s10722-019-00789-3
https://doi.org/10.2135/cropsci2017.03.0191
https://doi.org/10.1038/ncomms4352
https://doi.org/10.1300/J153v01n01_04
https://doi.org/10.1073/pnas.1417282111
https://doi.org/10.1016/j.plaphy.2022.06.013
https://doi.org/10.5958/0976-0571.2015.00031.4
https://doi.org/10.1002/csc2.20427
https://doi.org/10.5539/jps.v8n2p39
https://doi.org/10.3389/fpls.2023.1146398
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Li et al.

Khuntia, D., Panda, N., Mandal, M., Swain, P., Sahu, S., and Pattanayak, S. (2022).
Symbiotic effectiveness of acid tolerant nodulating rhizobia on growth, yield and
nutrient uptake of pigeon pea (Cajanus cajan 1.) in acidic alfisols. Int. J. Stress Manage.
13, 403-410. doi: 10.23910/1.2022.2550

Kuai, J., Sun, Y. Y, Liu, T. T,, Zhang, P. P,, Zhou, M., Wu, J. S, et al. (2016).
Physiological mechanisms behind differences in pod shattering resistance in rapeseed
(Brassica napus 1.) varieties. PloS One 11(6):e0157341. doi: 10.1371/
journal.pone.0157341

Kucek, L. K., Riday, H., Rufener, B. P., Burke, A. N., Eagen, S. S., Ehlke, N., et al.
(2020). Pod dehiscence in hairy vetch (Vicia villosa Roth). Front. Plant Sci. 11.
doi: 10.3389/fpls.2020.00082

Li, X. Y., Wang, Y. R., Wei, X,, Tai, J. H,, Jia, C. Z,, Hu, X. W,, et al. (2014). Planting
density ana irrigation timing affects cleistogenes songorica seed yield sustainability.
Agron. J. 106, 1690-1696. doi: 10.2134/agronj14.0111

Ma, X. F., Xu, W. Y,, Liu, T,, Chen, R. Y., Zhu, H,, Zhang, H. Y., et al. (2020).
Functional characterization of soybean (Glycine max) DIRIGENT genes reveals an
important role of GmDIR27 in the regulation of pod dehiscence. Genomics 113(1):979-
990. doi: 10.1016/j.ygen0.2020.10.033

Mashood, A. O., Odunola, T. A., Muinat, U., and Folorunsho, A. Y. (2022). Variance
components, correlation and path analyses in cowpea (Vigna unguiculata (L.) walp.)
Journal of Crop Science and Biotechnology 25, 173-182. doi: 10.1007/s12892-021-
00121-5.J. C. S. B.

Menendez, Y. C., Botto, J. F., Gomez, N. V., Miralles, D. J., and Rondanini, D. P.
(2019). Physiological maturity as a function of seed and pod water concentration in
spring rapeseed (Brassica napus 1.). Field Crop 231, 1-9. doi: 10.1016/
j.fcr.2018.11.002

Muriira, N. G., Xu, W., Muchugi, A,, Xu, J. C, and Liu, A. Z. (2015). De novo
Sequencing and assembly analysis of transcriptome in the Sodom apple (Calotropis
gigantea). BMC Genomics 16(1):723. doi: 10.1186/s12864-015-1908-3

Frontiers in Plant Science

12

10.3389/fpls.2023.1146398

Nouraein, M. (2019). Elucidating seed yield and components in rye (Secale cereale 1.)
using path and correlation analyses. Genet. Resour. Crop Ev. 66, 1533-1542.
doi: 10.1007/s10722-019-00813-6

Parker, T. A, Teran, J. C. B. M. Y., Palkovic, A., Jernstedt, J., and Gepts, P. (2020).
Pod indehiscence is a domestication and aridity resilience trait in common bean. New
Phytol. 225, 558-570. doi: 10.1111/nph.16164

Qing, Y. R, Li, Y. M., Xu, L. Z., Ma, Z., Tan, X. L., and Wang, Z. (2021). Oilseed rape
(Brassica napus 1.) pod shatter resistance and its relationship with whole plant and pod
characteristics. Ind. Crop Prod. 166:113459. doi: 10.1016/j.indcrop.2021.113459

Rodriguez-Gacio, M. D. C,, Nicolas, C., and Matilla, A. J. (2004). Cloning and
analysis of a ¢cDNA encoding an endo-polygalacturonase expressed during the
desiccation period of the silique-valves of turnip-tops (Brassica rapa (L.) cv. rapa). J.
Plant Physiol. 161, 219-227. doi: 10.1078/0176-1617-01153

Sharma, R., Chaudhary, L., Kumar, M., and Panwar, N. (2022). Analysis of genetic
parameters and trait relationship for seed yield and its attributing components in lentil
(Lens culinaris medik.). Legume Res. 45, 1344-1350. doi: 10.18805/LR-4969

Ton, A., and Anlarsal, A. E. (2017). Estimation of genetic variability for seed yield
and its components in chickpea (Cicer arientinum 1.) genotypes. Legume Res. 40, 1133—
1135. doi: 10.18805/LR-352

Tu, B, Liu, C., Wang, X, Li, Y., Zhang, Q., Liu, X,, et al. (2019). Greater anatomical
differences of pod ventral suture in shatter-susceptible and shatter-resistant soybean
cultivars. Crop Sci. 59, 2784-2793. doi: 10.2135/cropsci2019.04.0231

Zhang, Q. Y., Ty, B. ], Liu, C. K,, and Liu, X. B. (2018). Pod anatomy, morphology
and dehiscing forces in pod dehiscence of soybean (Glycine max (L.) merrill.). Flora
248, 48-53. doi: 10.1016/j.flora.2018.08.014

Zhao, X. H., Xie, W. G., Zhang, J. C,, Zhang, Z. Y., and Wang, Y. R. (2017).
Histological characteristics, cell wall hydrolytic enzymes activity and candidate genes
expression associated with seed shattering of elymus sibiricus accessions. Front. Plant
Sci. 8. doi: 10.3389/fpls.2017.00606

frontiersin.org


https://doi.org/10.23910/1.2022.2550
https://doi.org/10.1371/journal.pone.0157341
https://doi.org/10.1371/journal.pone.0157341
https://doi.org/10.3389/fpls.2020.00082
https://doi.org/10.2134/agronj14.0111
https://doi.org/10.1016/j.ygeno.2020.10.033
https://doi.org/10.1007/s12892-021-00121-5
https://doi.org/10.1007/s12892-021-00121-5
https://doi.org/10.1016/j.fcr.2018.11.002
https://doi.org/10.1016/j.fcr.2018.11.002
https://doi.org/10.1186/s12864-015-1908-3
https://doi.org/10.1007/s10722-019-00813-6
https://doi.org/10.1111/nph.16164
https://doi.org/10.1016/j.indcrop.2021.113459
https://doi.org/10.1078/0176-1617-01153
https://doi.org/10.18805/LR-4969
https://doi.org/10.18805/LR-352
https://doi.org/10.2135/cropsci2019.04.0231
https://doi.org/10.1016/j.flora.2018.08.014
https://doi.org/10.3389/fpls.2017.00606
https://doi.org/10.3389/fpls.2023.1146398
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Analysis of seed production and seed shattering in a new artificial grassland forage: pigeon pea
	Introduction
	Materials and methods
	Plant material
	Experimental design and seed yield components
	Morphological characteristics
	Characteristics of pod dehiscence
	Features of the abdominal suture
	Physiological characteristics
	Data and statistical analysis

	Results
	Yield components and seed yield
	Mechanical characteristics of the pod
	Morphological characteristics of pods
	Correlations between agronomic traits and pod-shattering rate
	Histological analysis of pod ventral sutures
	Characterization of pod abscission layer cells
	Pod moisture variation
	Hydrolytic enzyme activity

	Discussion
	Yield components and seed shattering contribute to seed yield
	Agronomic characters affect pod dehiscence
	Differences in histological and cytological characteristics in the abscission zone
	Water content and hydrolytic enzyme activity
	Model diagram

	Conclusion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


