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Flowering, the beginning of the reproductive growth, is a significant stage in the growth and development of plants.

Conifers are economically and ecologically important, characterized by straight trunks and a good wood quality and, thus,

conifer plantations are widely distributed around the world. In addition, conifer species have a good tolerance to biotic and

abiotic stress, and a stronger survival ability. Seeds of some conifer species, such as Pinus koraiensis, are rich in

vitamins, amino acids, mineral elements and other nutrients, which are used for food and medicine. Although conifers are

the largest (giant sequoia) and oldest living plants (bristlecone pine), their growth cycle is relatively long, and the seed

yield is unstable. Flowering and seed yields in conifers are affected by a variety of factors, such as pollen, temperature,

light, water availability, nutrients, etc., and a number of management techniques, including topping off, pruning,

fertilization, hormone treatment, supplementary pollination, etc. has been developed for improving cone yields.
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1. Factors Affecting Seed Formation and Development

1.1. Pollen

Pollen, the material basis for transmitting genetic information, is one of the important factors for seed formation . Under

natural conditions, most conifer species are pollinated by wind (anemophilous pollination). Pollen can travel hundreds of

miles and at thousands of feet in altitude while maintaining some viability . A typical young reproductive P. taeda can

shed about one kg of pollen in a two-week period. Each year, about one billion seedlings of P. taeda are planted in the

Southeastern US, with a potential yield of ten million tons of pollen over a short rotation from this species alone. Pollen

dispersal not only promotes gene flow between different populations, it also effectively increases species diversity and

richness . In conifer species, pollen viability and quantity are crucial for the success of pollination. Low pollen viability,

high abortion rate and unsynchronized flowering are common in conifers and thereby reduce the rate of successful zygotic

fertilization . Environmental conditions have a great impact on the flowering period, and pollen viability is generally

reduced or lost during abnormal weather conditions . In addition, pollen development and maturation are easily

disturbed by pollutants due to industrialization . Combined with the above factors, the probability of normal pollination of

female cones is low in conifers, which has a direct effect on the formation and development of seed. The low viability of

pollen is to some extent compensated by extraordinary pollen abundance. The synchronous release of pine pollen, for

example, creates visible yellow pollen clouds, which blanket the land as a fine layer of snow. Pine pollen has been

collected and distributed as a food and as a medicine for 5000 years (Tang Materia Medica 657–659 C.E.).

1.2. Temperature and Light

Low temperature affects germination by regulating the vernalization of seeds . Vernalization is a process that depends

on a chilling requirement to produce flowering and a good fruit crop. For example, peaches need a few hundred hours

below 7 °C to satisfy the chilling requirement to break dormancy, promote flowering and have successful fruit production

(https://www.greenwoodnursery.com/peach-tree-chilling-requirements accessed on 31 March 2021). The overall

germination rate and the time needed for germination of seeds varies significantly under different temperature conditions

. A suitable temperature is also a precondition for flower bud formation and an important factor affecting pollen

longevity and viability . In addition, the number of male cones is generally more than female cones in conifers, which is

not an ideal situation. Many experimental results may be caused by the different mechanisms of male and female flower

buds in response to temperature, as temperature indirectly regulates the sex expression of conifer species by changing

the hormone balance in flower buds . Conifer seeds typically can be stored in the cold, e.g., at around zero degrees

+ or −2 °C for several months, then planted to break dormancy. Temperature signals can also regulate the activity of

various enzymes and affect the metabolism in various biochemical reactions of conifer species; thus, becoming a vital

participant in photosynthesis and respiration .
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Light is also a crucial environmental signal and the main energy source for the plant’s photosynthesis and respiration .

There is a high canopy density with many lateral and dead branches that affect the supply of normal light in conifers. Light

intensity, spectral composition and photoperiod are important factors for conifer species growth and development, and

they influence numerous physiological and biochemical reactions that cause changes in their morphology and

reproductive characteristics . In addition, different tree species have different demands and reaction mechanisms for

light, which are affected by external environmental factors as well as their biological characters . With the increase in

forest age and the crown canopy density, the available light under the canopy will decrease, and flowering and

reproduction will inevitably be affected. Therefore, an appropriate planting density, pruning and topping off can ameliorate

the insufficient light of conifer species .

1.3. Water and Nutrient Fertilization

Water and nutrient fertilization are equally indispensable for plant seed formation and development . Plant roots absorb

nutrients from the soil, which is rich in minerals and organic matter to feed seed formation. Nutrient fertilization typically

provides nitrogen, phosphate and potassium. Nitrogen deficiency often limits growth due to the need for substantial

amounts being needed for biosynthesis of proteins and nucleic acids, while phosphorous is needed for energy metabolism

and nucleic acid biosynthesis. Potassium is needed for salt balance, transport of water and nutrients. Fertilization

maintains the stability of mineral circulation in the soil, which ensures the support capacity of the soil for plants and

promotes the biosynthesis of proteins, amino acids and vitamins . Plant growth and development are the result of

the interaction of water and fertilizer. Water provides a good moist environment for plant growth, which determines the

activity of roots and microbes, and contributes to the construction of a good root system . In the Southeastern US, with

extensive plantations of southern pines, fertilization is a common practice. In this region, chronic deficiencies are found for

both nitrogen and phosphorus . The internal rate of return from mid-rotation fertilization of nitrogen and phosphorus

was calculated to be 16%. Because most conifer species grow in mountainous areas with poor soil and harsh

environmental conditions, the nutrients are typically limited in the soil . Water and fertilization not only can effectively

improve the soil environment, but can regulate the nutrient supply and growth, photosynthesis and other metabolic

processes .

1.4. Molecular Mechanisms

The molecular mechanisms of flowering and seed production are complex, and the related genes can directly or indirectly

interfere with the sex differentiation of flower, time of anthesis and seed development, resulting in the seed formation

differences among individuals or species. Flower-related genes, such as FT (Flowering locus T) and MADS-box

(MCMI, AGAMOUS, DEFICIENCES and SRF box), have been identified to play a crucial role in flowering in conifer trees.

In the study of P. massoniana, Chen  cloned PmFT1 and PmEMF2 genes by RT-PCR and RACE technology, and

found that the two genes were highly expressed during the development of male and female cones, respectively,

suggesting that they were involved in the development of flowers and seed formation. The CO gene is an important

member of the regulation of sunshine length between the circadian clock and flowering time genes, which can combine

light signals with circadian clock signals to regularly activate the expression of the FT gene; thus, inducing flowering.

In Ginkgo biloba, the study of the effects of photoperiod on the GbCO gene transcription and seedling growth showed

that GbCO activates FT transcription to control flowering . The plant LEAFY gene encodes a class of plant-specific

transcription factors, which play an important role in the transition from vegetative to reproductive growth of flowering

plants. The LEAFY and UFO genes have a similar function in conifers; the LEAFY gene interacts with the UFO gene by

cloning and yeast two-hybrid techniques, and it is speculated that the UFO gene in Metasequoia glyptostroboides may act

as a transcriptional cofactor to regulate the LEAFY gene activity and, thus, participate in the regulation of the flower

meristem development . MADS-box genes, a class of important transcriptional regulatory factors in eukaryotes

(animals, plants and fungi), play an important role in growth and development regulation and signal transduction .

There are studies that show that three MADS-box genes

(PrMADS1, PrMADS2 and PrMADS3), LEAFY/FLORICAULA and NEEDLY (NLY) were highly participated in the early

stages of initiation and differentiation of P. radiata male and female cone buds, as well as vegetative buds . In another

study, a transcriptome data analysis showed that the enhanced transcriptional activity of MADS-box transcription factors

was also closely related to the formation of early cones, in particular the process of sex reversal . Thus, it can be

also speculated that MADS-box transcription factors are a key gene family in the molecular mechanism of conifer

flowering and seed production. The research on the molecular mechanism of flowering and seed production of conifers is

still scarce. Therefore, it is still the mainstream direction of future research. Despite a long growth cycle and large genome

compared with the broad-leaved trees, conifer species were developed and used with some traditional tree breeding

methods.
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2. Technical Measures of Breeding and Management

In forest tree breeding, selecting parents with good characters is the basis of tree improvement. Efficient management

technology is the guarantee of a high quality and yield. Conventional methods, including artificial pollination, hormone

treatment, pruning, water and fertilization coupling, can promote the flowering and reproduction of conifer species. One

technical measure that greatly improves the efficient management of a genetic improvement program is genetic

fingerprinting, which provides a high level of quality control on genetic selection . In addition to providing an accurate

inventory, DNA markers can estimate genetic diversity, define genetic load, estimate the degree of inbreeding, identify

quantitative trait loci (QTLs) and using high throughput genomic markers allow for a highly efficient genomic selection

where many genomic markers associated with favorable traits can be selected simultaneously .

2.1. Supplementary Pollination

Plant inbreeding refers to the combination of male and female gametophytes on the same plant, or the mating between

individuals with the same genotype . Because of the high genetic diversity and load, close genetic relationships can

lead to poor selection. Inbred lines are rare in conifer breeding programs . The genetic characters of inbred offspring

are mediocre, including growth, cone and wood traits . Most conifer species are monoecious with a high possibility of

inbreeding, which causes a high abortion rate of flowers and low cone yields . Therefore, supplemental pollination

avoids inbreeding and increases the efficiency of crosses. This method can be applied to open pollination or to controlled

crosses to effectively make up for low natural pollination. The pollen with desired genes is scattered on the stigma of

female flowers to create more fertilization events . Understanding the details of flowering is needed to improve the

sustainability and effectiveness of pollination. In the study of Douglas fir, (Pseudotsuga menziesii), the rate of external

pollination and the inbreeding rates were 10% to 28% and 12% to 17%, respectively . In addition to high inbreeding,

pollen contamination from unwanted genotypes is a serious detriment to defined breeding. In Scots pine (P. sylvestris), a

hand pollinator was used on female cones at the end of May. The amount of pollen per individual plant was 0.06~0.08 mL,

and the success rate was 66–84%; whereas the success rate was 10–23% when the pollination amount per plant was

0.03–0.05 mL that was applied by a long aluminum pole duster . The highest success rate of pollination was 69% using

pressurized backpack sprayers to pollinate the female flowers. Therefore, methods and amounts are also critical factors

affecting the success of pollination.

Supplementary pollination can introduce elite pollen into female cones to broaden the genetic base, reduce pollen

contamination, increase cone yield and maximize genetic gain . Understanding the flowering habits of each individual

and selecting elite parents are crucial for the efficient improvement of conifer species. It is essential to select the best

plants with good characters, fast growth, a high yield and allowing a robust pollen collection. Furthermore, weather

condition is a key factor affecting the success rate of pollination . As Additionally, the well-timed isolation of cones

(method and bags) of selected mother trees has a crucial importance in the process of artificial pollination.

2.2. Topping Off

Topping off (cutting off the apical meristem) inhibits apical dominance, controls shape and height, improves light

conditions and increases seed yields of trees . When topping off was carried out on P. sylvestris for seven consecutive

years, the cone yields for each individual tree increased by 95.5% and quality by 17.2% . In Pinus tabulaeformis, the

upper two-wheel branches were topped off, and the results showed an average growth rate for female cones and male

cones increased by 372% and 238% . Sun  carried out topping off on P. koraiensis for three years, and the best

result for topping off was to cut the first wheel branch, and then the numbers of female and male cones increased by 2–4-

fold. Similar results were obtained in Chen et al.  and Tan et al.  studies on Pinus massoniana.

Topping off can reduce the tree height of conifers, which is more convenient for cone collection and improves cone quality.

The topping off treatment should be carried out in late autumn or early spring because conifer species grow slowly and

have low physiological activity during those periods . The target trees should be 10~20 m tall and have vigorous

growth. For such trees, it is advisable to cut off a fifth to quarter of the tree height. For some conifer species with a height

of 20~30 m, a quarter to third of the overall height can be topped off. For particularly tall trees, the topping off height

should not exceed one half of the tree height to avoid inhibition of further growth. After a topping off treatment, some new

branches of conifer species will regenerate at the top in the second year, which will serve as cone setting branches,

thereby increasing cone yields .

Adult conifer species with big crowns hardly form ideal tree shapes under natural conditions. Thus, some measures such

as topping off and branch pruning should be used to control the tree shape and improve cone yields  (Figure 1). Many

new branches are induced from new lateral meristems after topping off in the first year, then the trees create a new leader

and regain apical dominance. Therefore, the topping off treatment should be implemented on lateral branches in
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consecutive years. The final ideal tree shape is umbrella-like and has a large canopy, low tree height, many lateral

branches and new shoots . When conifer species reach the mature seed production age, the number of flowers and

fertile seeds increases significantly.

Figure 1. A schematic presentation of the topping off (a), pruning (b) and branch drawing (c) practices to improve

flowering, panel (d) shows ideal tree shape, where in panel a 1 represents terminal buds, 2 represents topping off position

on trunk and 3 represents lateral branch.

2.3. Thinning and Pruning

Thinning, a primary forestry tree management method, is the main treatment to reduce stand density. Its main function for

trees is to provide light and to improve nutrient utilization efficiency , as well as carbon uptake and drought

resistance . Thinning allows faster growth rates, reduces root competition and combined with pruning results in longer

rotation times and great improvements in wood quality. Thinning treatment of P. koraiensis, retaining 300 trees per

hectare, with 75% intensity, increased the cone yield of each individual tree by 8~10-fold. When 750 trees per hectare

were reduced by 37.5% thinning intensity, the total yield of cones increased three-fold compared to an un-thinned stand

. In Pinus pinea (stone pine), when 350 trees were retained per hectare, the cone yield of each individual tree

increased by 1.48 times, while a high thinning intensity reduced the cone yield . Appropriate timing and reasonable

intensity are the basic requirements of thinning. Based on the evaluation of different traits such as growth, wood and cone

characters, some individuals with poor performance were selected as the thinning targets . Based on

aforementioned research, the optimal thinning time was before the stage of tree sap flow or after cone shedding. For

different site conditions and species characteristics, optimal thinning intensity may be different, and a poor choice of

thinning methods may result in the reduction in yield . In summary, conifer forests with a high density should maintain

500~700 trees per hectare after thinning in the first year, and thinning intensity should maintain 300~400 trees per hectare

after 2~3 years.

Pruning is another effective measure to improve the light transmittance of trees in plantations. It refers to the removal of

parts or redundant lateral branches, which can improve tree shape and increase the effect of ventilation and light

transmittance . Pruning may have dramatic effects on wood quality by reducing knots and promoting the growth of long

straight stems. The content of trace elements in needles changes after pruning, which can improve the biomass and

productivity of trees . In P. sylvestris and P. koraiensis, the yields and quality of individual trees were significantly

improved after pruning . In another study, 3–4 main branches were kept in each round of the P. sylvestris crown

while the remaining branches were cut off results in an increase in the number of cones of each individual tree by 14.3%

. Therefore, reasonable pruning plays a key role in the growth and development of conifers . The stage of tree

sap flow is the optimal time for pruning because the ability of trees to recover is strong and wound healing is fast.

2.4. Girdling and Cutting Roots

Girdling is a method involving wounding of the phloem of the trunk or main branches to regulate the distribution of

nutrients in the trees so as to promote flowering and reproduction. Studies on girdling in conifers are focused on its

impacts on cell activity , wood characteristics  and photosynthesis and respiration , but only a few investigate

its effect on flowering and reproduction dynamics. In a study on Japanese larch (Larix leptolepsis), girdling carried out at

1.2 m above the ground in April resulted in a significantly higher average cone yield than the control group .

Girdling should be carried out on trees growing in good soil conditions, with vigorous growth and no infestation/infection

by pests or pathogens. The girdling time should be one month before bud differentiation. The specific method would be to

girdle the bark of the trunk or main branches with a knife around the trunk with a width of 1~2 cm below the DBH

(100~120 cm from the ground) and cut the bark to the xylem in depth. If the tree is very large, the girdling width can be
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enlarged. After 3~5 years, the number of flowers and developing seeds will improve. Girdling does damage to the tree

itself, which may lead to a weakened resistance to pests and pathogens, and nutrients should be added in time to

accelerate conifer growth after girdling.

Conifer species absorb nutrients from the soil by their roots. Root cutting is the process of removing excess virtual roots

from the ground and limiting root growth. The study conducted on winter wheat (Triticum aestivum) has shown that the

water consumption and water use efficiency were low after root cutting . It also affects the photosynthesis,

translocation and stress resistant of plants . However, root cutting is rarely conducted in conifer species. In a study of P.
asperata, root cutting was carried out in three seed orchards of different ages in May at about 2 m from the trunk on both

sides of each tree with sharp steel plates to a soil depth of 40 cm. There was no significant difference in the number of

male cones, but the number of female cones was doubled . In P. koraiensis, a circular groove was opened at a distance

of 1.7 m from the trunk to cut off roots in April, and the number of female and male flowers increased two to three-fold and

one to two-fold, respectively . Summing up the above, the treatment time of conifer species generally chosen before

the stage of tree sap flow and an annular groove is dug around the tree 1.5~2 m away from the trunk of the tree.
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