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Abstract We irradiated pea seeds with neutrons from a
252Cf source and studied the radiation dose effects on

various morphological development parameters during the

growth of M1 generation peas. We found that in the dose

range of 0.51–9.27 Gy, with the increase in neutron-ab-

sorbed dose, the morphological development parameters of

M1 generation peas at the initial seedling stage showed an

obvious trend with three fluctuations. With the develop-

ment of pea, this trend gradually weakened. Further anal-

ysis and verification showed that the main trend in the M1

generation of pea seeds was an inhibitory effect induced by

neutron irradiation and there was a good linear correlation

between the inhibitory effect and neutron absorption dose.

We successfully demonstrated the background removal of

mutant plants and defined morphological development

parameters for peas that match the overall development of

plants. Our results will positively impact neutron mutation

breeding and automatic agriculture.
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1 Introduction

Radiation is widely used in life science research. X-rays

[1, 2], c-ray [3], proton beam [4], HZE ion, and 252Cf

fission neutron sources are used extensively [5]. In 1928,

the American botanist Stadler proved that X-rays can cause

mutagenic effects based on research in barley irradiated by

X-ray [6]. Since then, scientists have carried out research

on the biological effects and applications produced by the

interaction between radiation and plants at all levels. In this

research process, the most commonly used radioactive

sources are X-ray and c-ray sources, which have been used

to obtain excellent mutants, such as rust-resistant wheat

mutants [7], high-palmitic acid mutant soybean [8], and

Chinese Cabbage mutants [9]. There have also been studies

of the genetic characteristics [10] and molecular mecha-

nisms [11] of plants using mutants obtained by c-ray

irradiation. Additionally, heavy ion [12], c-ray [13, 14], or

UV ray [15] have been used to study the effects of radiation

by dose.

Research on radiation dose effects is an important

component of research into the biological effects of radi-

ation, primarily because the biological effects of radiation

often vary significantly with radiation dose. Studies have

shown that the biological effects of radiation on plants at

low doses are often stimulative. For example, rice and
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mung exposed to low doses of c-rays show significant

biological effects that promote growth [16]. Low doses of
60Co-c ray irradiation of Terminalia arjuna Roxb. seeds

can induce such biological effects as improved seed ger-

mination rate, vigor index, relative growth rate of seed-

lings, and fresh weight [17]. Other studies have shown that

the biological effects of plants exposed to high doses of

radiation mainly involve inhibitive effects. For example,

after the dry seeds of Zoysia japonica were irradiated with

high doses of 60Co-c radiation above 300 Gy, such bio-

logical effects as plant height shortening, decreased seed-

ling emergence rate, and decreased seedling fresh weight

were observed [18]. At present, the research in this field

has mainly focused on the radiation dose effect of X-ray

and c-ray, whereas there is comparatively less research on

the neutron radiation dose effect [19]. Neutrons, discovered

by Chadwich et al. [20], are high linear energy transfer

rays. The interaction between neutrons and matter is

obviously different from other rays and neutron radia-

tion has the characteristics of strong penetrability, a wide

variation spectrum, a high variation rate, and stable char-

acteristics of the offspring of variation. Therefore, neutrons

can produce more obvious and greater biological effects

[21]. One study by Zhang et al. showed that the biological

effects of irradiation of onion dry seeds by 252Cf fission

neutrons were 124 times that of 60Co-c rays [22]. Thus,

neutrons have mostly been used to obtain mutants [23–25].

However, the dose effects require further study.

Pea (Pisum sativum L.) is an important food crop [26],

and it is also one of the top 10 vegetables preferred by

consumers globally. Fresh pods and pea seedlings are very

popular ingredients [27], and research on pea has always

been of great scientific interest [28–30]. Plant morpho-

logical parameters are closely related to biological research

and breeding. Existing studies have suggested that the

development trends of maize breeding are closely related to

the morphological parameter indices [31]. Therefore,

selecting and implementing appropriate morphological

parameters are conducive to plant biological research.

Currently, the traditional plant morphological parameters

fail to meet the requirements in the process of radiation

plant research, which is one of the important factors hin-

dering the progress of this research direction.

In this study, the morphological development of M1

generation peas was studied in the field using dried pea

seeds irradiated by the 252Cf neuton, and the relationship

between the neutron absorption dose and morphological

development of pea plants across a wide gradient dose

range was first explored. This study provides a rich sci-

entific basis for understanding biological effects of neutron

radiation and neutron mutation breeding.

2 Materials and methods

2.1 Radioactive sources and biological samples

The radioactive source used in this study was a 252Cf

isotope neutron source. The neutron source is a sponta-

neous fission neutron source, in which the neutron emis-

sivity is 2.31 9 1012 n/s�g and the half-life is 2.647 years.

The neutron spectrum of spontaneous fission is close to a

pure fission spectrum and the average neutron energy is

2.158 MeV [32].

Needle-leafed pea MZ-1 (P. sativum var. MZ-1) is a

leafless pea variety introduced from the USA by the

Institute of Soil Fertilizer and Water-saving Agriculture,

Gansu Academy of Agricultural Sciences [33]. Dry pea

seed pods that were full of seeds and that exhibited a

germination rate higher than 96% were selected and divi-

ded into ten groups for different doses of neutron radiation.

2.2 Neutron radiation dose

We have fully considered the space that can accom-

modate samples in the 252Cf source irradiation device and

placed ten groups of peas in the channel of the device (the

device is detailed in reference [34]). To ensure that the

irradiation dose can cover as wide a range as possible, we

first conducted analysis and calculation and then set the

irradiation time as 14,153.7 h. In this way, the neutron-

absorbed doses of ten groups of peas were 0.51 Gy,

0.64 Gy, 0.81 Gy, 1.03 Gy, 1.32 Gy, 1.80 Gy, 2.40 Gy,

3.55 Gy, 5.47 Gy, and 9.27 Gy.

2.3 Field trials and recording of morphological

characters

Ten irradiation groups of pea seeds treated with different

neutron absorption doses and the control group without

radiation were seeded in the field. Five replications were

set up with 16 plants in each replication to carry out the

field planting experiment of the M1 generation. The

experimental field was located in Yuzhong Campus of

Lanzhou University. From the 2nd day of pea sowing, the

seedling emergence and the development of the stipules of

each pea were recorded in detail daily at 9 a.m., and these

records were made until the 52nd day (that is, the day when

the fifth pair of stipules of the last pea was opened). The

appearance of the flower buds and the flowering of peas

were immediately recorded, and all peas were recorded for

25 days.
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2.4 Confirmatory experiment

Needle pea seeds matching those in the field trial were

selected. Five groups were irradiated in the scope of the

middle-high doses. Neutron absorption doses in each irra-

diated pea group had an equal gradient interval of 2 Gy,

4 Gy, 6 Gy, 8 Gy, and 10 Gy. Five treatments and one

control group without irradiation were placed in germi-

nating boxes for seed germination at 20 �C. Five days later,

when seeds basically completed germination, seven ger-

minated peas chosen from each group at random were

planted in flowerpots for the greenhouse experiment. Three

repetitions were established in each group. The day after

the peas were planted, the stipule situation of each pea was

observed in detail every morning until the 32nd day (on the

day when the fifth pair stipule of the last pea unfolded). A

dividing ruler was used to measure the height of all peas at

three different growth periods for 15 days. The measure-

ments were taken once every 5 days for a total of three

measurements.

2.5 Definition of morphological development

parameters

Based on years of experimental experience on pea and

referring to the germination index and vitality index

commonly used in seed germination experiments, we

defined seven parameters that closely reflected the overall

development of the plants.

The seedling emergence index (SEI) is an index that can

accurately reflect the morphological development of pea

seedling emergence. The definition formula of the index is

as follows: SEI ¼
P

Di

N , where Di is the number of days

from sowing to the emergence of the ith pea plant and N is

the number of pea plants counted.

The nth pair of stipule expansion index (StEI) is an

index that can accurately reflect the morphological devel-

opment of pea seedling. The definition formula of the index

is as follows: StEI ¼
P

Di

N , where Di is the number of days

from sowing to unfolding of the nth pair of stipules of the

ith pea plant and N is the number of pea plants counted.

The plant height composite index (PHCI) is an index

that can accurately reflect the morphological development

of plant height. The definition formula of the index is as

follows: PHCI ¼
P

Hi

N , where Hi is the plant height of the

ith plant and N is the number of plants counted.

The flower bud index (FBI) is an index that can accu-

rately reflect the morphological development of flower

buds of plant reproductive organs. The definition formula

of the index is as follows: FBI ¼
P

Di�ni
N , where Di is the

number of days from the ith day to the end of recording, ni
is the number of flower buds that all plants showed on the

ith day, N is the number of plants counted, and the

cumulative number of each plant is ten buds.

The bud stage duration index (BSDI) is an index that can

accurately reflect the morphological development process

of budding of the plant reproductive organs. The definition

formula of the index is as follows: BSDI ¼
P

Dn

N , where Dn

is the number of days for the nth plant to 10 display flower

buds and N is the number of plants counted.

The flowering index (FI) is also an index that can

accurately reflect the morphological development of flower

organs. The definition formula of the index is as follows:

FI ¼
P

Di�ni
N . In the formula, Di is the number of days from

the ith day to the end of recording, ni is the number of

flowers that all plants showed on the ith day, N is the

number of plants counted, and the cumulative number of

each plant is ten flowers.

The flower stage duration index (FSDI) is an index that

can accurately reflect the morphological development

process of the flowering of plant reproductive organs. The

definition formula of the index is as follows: FSDI ¼
P

Dn

N ,

where Dn is the number of days for the nth plant to open

eight flowers and N is the number of plants counted.

2.6 Data analysis

Before the data analysis, it was necessary to calculate

the background of spurious (potentially mutant) plants and

remove these data. Following this calculation, the data for

the slowest-growing pea were removed from each repli-

cation of each experiment group. One-way ANOVA and

least significant difference (LSD) multiple comparison

tests (SPSS 21.0, IBM Corp., Armonk, NY, USA) were

used to analyze the experimental data of the M1 generation

pea in the control group and irradiation group. The stan-

dard deviation of each experimental group was calculated

and plotted using Excel (Microsoft Corp., Albuquerque,

NM, USA) software. The flowchart of our research

scheme is shown in Fig. 1.

3 Results

3.1 Relationship between neutron absorption dose

and main plant morphological development

of M1 generation pea

The coniferous pea we selected is a type of leafless pea.

In the seedling stage, the main form of morphological

development is the increase in the number of stipules.
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Therefore, as described in ‘‘Sect. 2.5,’’ we defined the SEI

and the nth pair of StEI. The data processing results are

shown in Fig. 2.

It can be observed from Fig. 2a that the SEI had three

regular fluctuations with the increase in neutron absorption

dose; that is, the SEI initially exhibited three fluctuations

with the decrease in neutron absorption dose, followed by

an increase in the neutron absorption dose. Significance

analysis showed that there was a significant difference

between the highest point of SEI (dose points: 0.81 Gy,

1.80 Gy, 9.27 Gy) and the lowest point of SEI (dose

points: 0.64 Gy, 1.32 Gy, 3.55 Gy) in each of the three

fluctuations. Three regular fluctuations similar to those

described above can also be found in Fig. 2b–f. After

analysis of the first, second, third, fourth, and fifth pair of

StEI, it was also found that in any one of the fluctuations,

there were significant differences between the highest point

and the lowest point.

In addition, as observed from Fig. 2a, the lower dose of

neutron irradiation reduced the SEI of M1 generation pea.

The decrease in this index indicated that it could promote

seedling emergence. The ANOVA indicated a significant

difference between the SEI of the best dose point (0.64 Gy)

and that of the control group (0 Gy). Figure 2a also indi-

cated that when the neutron irradiation dose was C 0.81

Gy, the SEI of all irradiation groups was higher than that of

the control group, indicating that it had an inhibitory effect

on seedling emergence. We also analyzed the differences

between the M1 generation pea 0.64 Gy dose group and the

control group in all the StEI and found no significant dif-

ferences. This indicated that with the development of M1

generation pea, the promoting effect of the low dose was

gradually weakened.

3.2 Relationship between the neutron absorption

dose and plant height development of M1

generation pea

Plant height is affected by many biological and envi-

ronmental factors and so the accuracy of the traditional

random sampling methods is limited. Therefore, we used a

comprehensive method whereby we measured each plant

and defined the PHCI. In addition, in order to reflect the

development of plant height morphology, we selected four

equal interval time points (time interval of 5 days) to

measure the plant height of all M1 generation peas. The

data processing results are shown in Fig. 3.

It is evident from Fig. 3a and b that the PHCI fluctuated

three times with the increase in neutron absorption dose.

After analyzing the significant difference of PHCI at the

first time point and second time point, it was found that

there were significant differences between the maximum

PHCI (dose points: 0.51 Gy, 1.32 Gy, 2.40 Gy) and the

minimum of the corresponding fluctuation PHCI (dose

points: 0.81 Gy, 1.80 Gy, 9.27 Gy) in each fluctuation.

However, the analysis of the PHCI of the third time point

Fig. 1 Flowchart of our study

protocol
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and fourth time point showed that there was no significant

difference between the PHCI of the 0.51 Gy dose point of

the first waveform and that of the 0.81 Gy dose point. It

can also be seen from Fig. 3c and d that the waveform also

weakened. The results showed that with the development

of M1 generation pea, the regularity of the three wave

shapes of PHCI gradually weakened with neutron absorp-

tion dose.

It was observed in Fig. 3 that the PHCI of M1 generation

pea could be increased by low-dose neutron irradiation.

The significant difference analysis showed that there was

no significant difference between the highest PHCI

(0.51 Gy dose point) and the PHCI of the control group in

Fig. 2 Relationship between neutron absorption dose and main plant

morphological development parameters of M1 generation pea.

a Relationship between seedling emergence index and neutron

absorption dose. b Relationship between the expansion of the first

pair of stipules index and the neutron absorption dose. c Relationship

between the expansion of the second pair of stipules index and the

neutron absorption dose. d Relationship between the expansion of the

third pair of stipules index and the neutron absorption dose.

e Relationship between the expansion of the fourth pair of stipules

index and the neutron absorption dose. f Relationship between the

expansion of the fifth pair of stipules index and the neutron absorption

dose. The error bar represents the standard error within the group
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the (a), (c), and (d). This indicated that the strength of

promoting the plant height development of M1 generation

pea by low-dose neutron irradiation was limited.

3.3 Relationship between the neutron absorption

dose and morphological development of M1

generation pea floral organs

We defined four parameters that could accurately and

reasonably reflect the morphological development of the

reproductive organ flowers: FBI, FI, BSDI, and FSDI (see

‘‘Sect. 2.5’’ for details). The processing and analysis results

of the four parameters are shown in Fig. 4.

It is evident from Fig. 4a and b that, with the exception

of the lowest dose of neutron irradiation (0.51 Gy), the

other higher doses of neutron irradiation will cause a

decline in the FBI and FI of M1 generation peas. The

decrease in FBI and FI means that the reproductive phe-

nology of pea will be delayed. After analyzing the differ-

ence in FBI and FI, it was found that there were significant

differences between the FBI of the neutron irradiation

group with an absorbed dose of 1.03 Gy or more and that

of the control group and between the neutron irradiation

group with an absorbed dose of C 0.81 Gy and that of the

control group. Therefore, this suggested that when the

neutron irradiation dose was higher than a certain value,

the reproductive phenology of M1 generation pea could be

significantly delayed.

Figure 4c and d indicates that the BSDI and FSDI of all

irradiation groups were higher than those of the control

group. There were significant differences between the three

high-dose groups (3.55 Gy, 5.47 Gy, and 9.27 Gy) and the

Fig. 3 Relationship between the plant height composite index of M1

generation pea and the neutron absorption dose. a Relationship

between the plant height composite index and the neutron absorption

dose at the first time point. b Relationship between the plant height

composite index and the neutron absorption dose at the second time

point. c Relationship between the plant height composite index and

the neutron absorption dose at the third time point. d Relationship

between the plant height composite index and the neutron absorption

dose at the fourth time point. The error bar represents the standard

error within the group
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control group. This indicated that neutron irradiation could

prolong the flower bud and flowering period of M1 gen-

eration pea and the effect was significant at higher doses

(3.55 Gy and above).

3.4 Linear correlation analysis

between morphological development

parameters and absorbed neutron dose

in the high-dose area

We analyzed the linear correlation between the mor-

phological development parameters and the absorbed

neutron dose at three dose points (3.55 Gy, 5.47 Gy, and

9.27 Gy) in the high-dose region. The linear correlation

analysis results of the various morphological development

indices and neutron absorption dose are shown in Fig. 5.

The six linear equations shown in Fig. 5 are all positive

correlations, which demonstrate a phenomenon whereby

the plant morphological development time of M1 genera-

tion pea was continuously delayed with the increase in

neutron absorption dose, i.e., inhibited. Among these val-

ues, the R2 values of the linear equations shown in Fig. 5a–

d suggest that the goodness of fit of the equation was good

and the linear correlation was high. The P-values obtained

by the F-test were 0.0962, 0.1021, 0.0783, and 0.1468 in

Fig. 5a–d, respectively. This shows that there was a linear

correlation between the growth time of plant morphology

and neutron absorption dose during and before the three

pairs of stipules were expanded in the high-dose range. Of

course, we also found that the linear correlation shown in

Fig. 5e and f became lower. This suggests that with the

development of M1 generation pea, the linear correlation

between the growth time of plant morphology and the

absorbed neutron dose decreased.

The four linear equations shown in Fig. 6 are all nega-

tive correlations, which suggest that the height morpho-

logical development of M1 generation pea plant decreased

with the increase in neutron absorption dose; that is, it was

inhibited. The R2 value of the linear equation shown in

Fig. 6a is 0.9983, indicating that the equation had a high

goodness of fit, and the P-value of the F-test was 0.0258,

indicating that the linear correlation was significant. As the

first measurement time point was before the initial seedling

stage of pea development state (the initial seedling has

Fig. 4 Relationship between the morphological developmental

parameters of M1 generation pea floral organ and the neutron

absorption dose. a Relationship between the flower bud index and the

neutron absorption dose. b Relationship between the flowering index

and the neutron absorption dose. c Relationship between the bud stage

duration index and the neutron absorption dose. d Relationship

between the flower stage duration index and the neutron absorption

dose. The error bar represents the standard error within the group
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three pairs of stipules), it can be considered that there was a

good linear correlation between plant height morphological

development and neutron absorption dose in the high-dose

range. In addition, although the R2 values of the linear

equations in Fig. 6b–d were all greater than 0.99, the P-

values of the F-tests were all greater than 0.05 (0.0502,

0.0509, and 0.0525, respectively). This shows that with the

development of M1 generation pea, the linear correlation

gradually decreased.

The linear equations shown in Fig. 7a and b are all

negative correlations, which suggested that the morpho-

logical development of pea flower buds and flowers was

delayed with the increase in neutron absorption dose; that

is, it was inhibited. The two linear equations have high

goodness of fit, and the P-values of the F-test were 0.0493

Fig. 5 Linear relationship of various parameters of main plant

morphological development indices and absorbed neutron dose in M1

generation pea. a Linear relationship between the seedling emergence

index and the neutron-absorbed dose. b Linear relationship between

the expansion of the first pair of stipules index and the neutron-

absorbed dose. c Linear relationship between the expansion of the

second pair of stipules index and neutron-absorbed dose. d Linear

relationship between the expansion of the third pair of stipules index

and the neutron-absorbed dose. e Linear relationship between the

expansion of the fourth pair of stipules index and the neutron-

absorbed dose. f Linear relationship between the expansion of the fifth

pair of stipules index and the neutron-absorbed dose
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and 0.0378, which indicated that the linear correlation was

significant. The two linear equations shown in Fig. 7c and

d are all positive correlations, which suggest that the

duration of pea flower bud period and flowering period

increased with the increase in neutron absorption dose. The

two linear equations also have high goodness of fit. The P-

values of the F-test were 0.085 2 and 0.1067, respectively,

which indicated that the linear correlation was not

significant.

4 Discussion and verification

4.1 Methodology

During plant growth and development, there is a certain

probability that mutant progeny will be produced. The

experimental data of these mutant progeny will have a

negative impact on the overall data analysis and thus it is

necessary to eliminate the experimental data obtained from

mutant progeny. For this reason, we defined the

background of plants believed to be mutant progeny.

Through the study of the development time of pea in the

control group and the overall data analysis, we calculated

and determined the background value of the potential

mutant plants as 5%, which was used in correcting all the

data in the experimental group.

There are individual differences in plant growth and

development. Under all circumstances, it is the best choice

to fully record the characteristics of all plants. In addition,

in the study of plant development, a continuous data record

is better able to reflect the developmental process than a

single data record at a selected time point. If there are data

records of all plants, parameters can be set according to

each repetition of each group. If there are continuous data

records, time can be further integrated into the set param-

eters. Our research was based on full records and daily

continuous records for all plants, and seven parameters

closely associated with the overall development state of

plants were defined.

Fig. 6 Linear relationship between plant height composite index of

M1 generation pea and neutron-absorbed dose. a Linear relationship

between the plant height composite index and the neutron-absorbed

dose at the first time point. b Linear relationship between the plant

height composite index and the neutron-absorbed dose at the second

time point. c Linear relationship between the plant height composite

index and the neutron-absorbed dose at the third time point. d Linear

relationship between the plant height composite index and the

neutron-absorbed dose at the fourth time point
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4.2 Low-dose promotion and high-dose inhibition

of neutron radiation

Through the above research and analysis, we can con-

firm that in the 0.51–9.27 Gy range of neutron radiation in

the pea seeds, the development of main plant morphology

and plant height morphology of M1 generation pea exhib-

ited three regular obvious fluctuations with the increase in

neutron absorption dose, among which the biological effect

of the first fluctuation was mainly manifested in a pro-

moting effect and the biological effect of the second and

third fluctuations was mainly reflected in an inhibitory

effect, with the inhibitory effect of the third fluctuation

being more obvious. This result differs from the previously

reported simple inhibitory effect of neutron irradiation on

the seedling height and plant height of ornamental kale

[35]. The main reason is that there were many dosage

groups and low-dose neutron irradiation in this study. The

promoting effect of low-dose radiation and the inhibitory

effect of high-dose radiation have been verified in research

on c-ray-irradiated plants [13, 18].

We also found that in the neutron absorption dose range

that we studied, with the development of M1 generation

pea, the waveform character of the three regular fluctua-

tions gradually weakened and the amplitude gradually

decreased. This shows that the pea plants were constantly

repairing the effects of the neutron radiation on the plant

morphology and height during the development of peas.

4.3 Neutron radiation has a general inhibitory effect

on the reproductive flower organs of M1

generation pea

In the studied range of neutron absorption dose, neutron

radiation generally caused a delay in the morphological

development of M1 generation pea flower organs and the

prolonging of flower bud emergence and flowering dura-

tion; that is, it had a universal inhibitory effect. Although

0.51 Gy neutron irradiation could promote the growth of

the pea flower organs, the effect was not obvious. Even so,

we think that low-dose neutron irradiation could promote

the growth of the M1 generation pea flower organs. How-

ever, due to the relatively conservative and stable genetic

Fig. 7 Linear relationship between the morphological developmental

parameters of M1 generation pea floral organs and absorbed neutron

dose. a Linear relationship between the flower bud index and the

neutron-absorbed dose. b Linear relationship between the flowering

index and the neutron-absorbed dose. c Linear relationship between

the bud stage duration index and the neutron-absorbed dose. d Linear

relationship between the flower stage duration index and the neutron-

absorbed dose
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characteristics of the flower organs, the promoting effect on

them will be relatively weak.

4.4 Linear correlation between absorbed neutron

dose and morphological development

parameters in the full-dose range

According to the above analysis of the linear correlation

between the absorbed neutron dose and the morphological

development parameters in the high-dose range. We

speculated that the linear correlation could be found in the

whole-dose range. Therefore, the data of the control group

(0 Gy) and three high-dose irradiation groups (3.55 Gy,

5.47 Gy, and 9.27 Gy) were analyzed for linear correla-

tions. The results are shown in Table 1.

It can be seen from Table 1 that although the determi-

nation coefficient R2 values of the linear correlation anal-

ysis in the table were mostly lower than those of only three

high-dose irradiation groups, most of the significant P-

values in the table were smaller than those of the three

high-dose irradiation groups. In addition, the significant P-

values in the morphological development parameters of

plant height and flower organs were less than 0.05, indi-

cating that these linear correlations were significant. All of

these results showed that the linear correlation between the

morphological parameters and the absorbed neutron dose

increased following treatment of the control group and

three high-dose irradiation groups. Within the range of

10 Gy after excluding low dose, there was a good linear

correlation between the neutron absorption dose and the

morphological parameters.

4.5 The linear dependence verification of neutron-

absorbed doses in the middle-high dosage range

and each morphological development

parameters

To verify the deduction in Sect. 4.4, we used indepen-

dently developed neutron-absorbed dose-distributed irra-

diation devices with high-dose evenness to irradiate five

groups of pea seeds within the middle-high dose range

(devices were shown in Ref. [3]) and used a greenhouse

experiment with a more uniform environment to carry out

further verification. The relational relations between stipule

unfolding morphological development and neutron-ab-

sorbed doses are presented in Table 2, which depict that

with the increase of neutron-absorbed doses, the StEI first

increased, then decreased, and again increased. This law

was consistent with the law that peas’ main morphological

development in middle-high dose areas changed with the

doses as discussed in Sect. 3.1. Through the linear depen-

dence analysis in Table 3, it could be found that the slopes

of five corresponding linear equations were all positive.

The significance of each linear equation was high (P-value

verified by F was less than 0.05), indicating the higher

linear dependence between peas’ main morphological

development and neutron-absorbed doses. This result is

highly consistent with the analysis result in Sect. 4.4.

The result of relational analysis between the PHCI and

the neutron-absorbed doses is described in Table 2,

showing that with the increase of neutron absorption doses,

the PHCI consistently declined. This was consistent with

the law that PHCI showed a downward trend with the

Table 1 Linear relationship between morphological development parameters and absorbed neutron dose

Parameters Linear regression equation y = ax ? b Coefficient of determination R2 Significance P

SEI y = 0.6448x ? 12.894 0.8351 0.0862

First pair of StEI y = 0.5693x ? 16.47 0.8031 0.1038

The second pair of StEI y = 0.6122x ? 18.988 0.8607 0.0720

The third pair of StEI y = 0.5043x ? 24.891 0.8415 0.0823

The fourth pair of StEI y = 0.3914x ? 30.931 0.8138 0.0982

The fifth pair of StEI y = 0.5707x ? 35.255 0.8215 0.0933

PHCI (first time) y = - 2.1358x ? 38.791 0.9079 0.0472

PHCI (the second time) y = - 3.146x ? 55.53 0.9555 0.0225

PHCI (the third time) y = - 3.9094x ? 71.698 0.9683 0.0160

PHCI (the fourth time) y = - 5.8559x ? 100.93 0.9791 0.0105

FBI y = - 8.0593x ? 179.62 0.9249 0.0383

FI y = - 8.487x ? 164.52 0.9272 0.0371

BSDI y = 0.3406x ? 7.1228 0.9935 0.0033

FSDI y = 0.2802x ? 5.8189 0.9738 0.0131

Seedling emergence index (SEI), Stipule expansion index (StEI), Plant height composite index (PHCI), Flower bud index (FBI), Bud stage

duration index (BSDI), Flowering index (FI), Flower stage duration index (FSDI)
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neutron absorption dose above 1.8 Gy as discussed in

Sect. 3.2. According to the linear dependence analysis in

Table 3, we also found that the linear equations of PHCI

belonged to negative correlation. The R2 value of three

equations was greater than 0.91. The P-value verified by

F was less than 0.01, indicating that goodness of fit and

significance of three equations were very high. This was

highly consistent with the linear dependence results

between the PHCI in the high-dose areas and the neutron-

absorbed doses discussed in Sect. 4.4.

The above-mentioned verification experiment further

indicated that neutron radiation showed the inhibiting

effect within 10 Gy range after excluding low doses.

Neutron-absorbed doses showed the excellent linear

dependence in this inhibiting effect. Further analysis

showed that in the low-dose range (0.51–0.64 Gy), the

protective system of pea was activated, which showed a

certain promoting effect. The linear correlation between

the inhibition effect and the neutron absorption dose was

weakened. In the middle-dose range (0.81–2.40 Gy), the

pea protection system reached its limit, resulting in an

overall inhibitory effect that was not too significant. The

linear correlation between the inhibitory effect and the

neutron-absorbed dose will also be disrupted to some

extent. In the high-dose range (3.55–9.27 Gy), the pea

protection system was hardly activated. The inhibitory

effect became increasingly significant with an increase in

dosage. The linear correlation between the inhibitory effect

and the neutron absorption dose was gradually restored.

This is also the reason why SEI, StEI, and PHCI had three

regular fluctuations with the increase in neutron absorption

dose.

5 Conclusion

In summary, the neutron-irradiated pea seeds obtained

stress and showed a trend of gradual inhibition effect. The

reproductive organs of plants have relatively conserved

genetic characteristics that are highly stable and change

little when affected by environmental factors. Therefore,

the universal inhibitory effect of various morphological

development parameters of M1 generation pea flower

organs in our study provides support for this inference. The

verification experiment shows that there is a good linear

correlation between the whole inhibition effect and the

Table 2 Morphological development parameters of M1 peas under different neutron absorption doses

Parameters 0 Gy 2 Gy 4 Gy 6 Gy 8 Gy 10 Gy

First pair of StEI 5.75 ± 0.79 6.60 ± 1.67 6.20 ± 1.58 6.90 ± 1.55 7.15 ± 1.72 8.75 ± 3.11

Second pair of StEI 7.00 ± 0.92 8.50 ± 2.16 8.60 ± 2.19 9.15 ± 1.93 9.95 ± 2.39 11.55 ± 3.25

Third pair of StEI 9.25 ± 0.79 11.40 ± 2.26 11.25 ± 2.55 11.85 ± 2.39 13.20 ± 3.61 16.70 ± 3.67

Fourth pair of StEI 12.10 ± 0.91 14.55 ± 2.46 14.25 ± 3.19 14.65 ± 3.17 19.05 ± 3.98 20.6 ± 4.16

Fifth pair of StEI 15.05 ± 1.39 17.35 ± 2.87 16.95 ± 3.56 17.9 ± 4.44 23.0 ± 4.70 24.4 ± 5.02

PHCI (first time) 11.09 ± 3.78 9.29 ± 1.96 8.09 ± 2.17 8.05 ± 2.46 4.71 ± 1.76 4.07 ± 1.59

PHCI (second time) 13.08 ± 4.38 11.78 ± 2.15 10.52 ± 2.28 10.52 ± 2.94 7.06 ± 2.48 5.99 ± 2.50

PHCI (third time) 14.59 ± 5.40 13.40 ± 2.77 12.50 ± 2.46 12.42 ± 3.58 9.00 ± 3.00 8.05 ± 3.40

Mean ± SD, Stipule expansion index (StEI), Plant height composite index (PHCI)

Table 3 Linear relationship between the morphological development parameters and the absorbed neutron dose

Parameters Linear regression equation y = ax ? b Coefficient of determination R2 Significance P

First pair of StEI y = 0.2479x ? 5.6524 0.7983 0.0378

Second pair of StEI y = 0.395x ? 7.1500 0.9300 0.0052

Third pair of StEI y = 0.6179x ? 9.1857 0.8461 0.0317

Fourth pair of StEI y = 0.8057x ? 11.838 0.8647 0.0246

Fifth pair of StEI y = 0.9236x ? 14.49 0.8675 0.0220

PHCI (first time) y = - 0.6981x ? 11.042 0.9412 0.0003

PHCI (second time) y = - 0.7086x ? 13.368 0.9314 0.0005

PHCI (third time) y = - 0.6575x ? 14.948 0.9155 0.0010

Mean ± SD, Stipule expansion index (StEI), Plant height composite index (PHCI)
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neutron absorption dose. Previous studies on peripheral

blood in healthy adults irradiated by X-rays have found that

there is a dose-dependent relationship between the

expression of the Pig-a and Gadd45a genes and the irra-

diation dosage [36]. The dose-dependent relationship we

found in our study of the morphological characters of

neutron-irradiated plants offers a good reference for agri-

culture and for the study on the molecular biological

mechanisms of neutron-irradiated plants.

We obtained the dose range of low-dose promotion

effects, which could be useful for the cultivation of pea and

other plants. Moreover, the dose range for the inhibition

effect is obtained, and the dose range given above is the

reference doses for radiation mutation breeding. In addi-

tion, seven parameters closely associated with the overall

development state of plants defined by us have been suc-

cessfully applied. With the maturity of automatic agricul-

tural data acquisition methods, these plant development

parameters will be widely applicable.
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