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The serotinous cones of Pinus yunnanensis i

var. pygmaea exhibit a higher phosphorus
content compared to their open counterparts

Ying Liu', Zihan Zhang', Shuting Li**, Wuchao Gao', Dongyu Cao'? and Xinglei Cui'*

Abstract

Background Serotiny, characterized by the delayed release of seeds, is a crucial adaptive trait for plants in response
to wildland fires. This phenomenon is observed in Pinus yunnanensis, a species native to the southwest region

of China, where wildland fires are a regular occurrence. Pinus yunnanensis var. pygmaea, in particular, demonstrates
a high degree of serotiny, in which it is common to find an open cone and closed cone situated on the same node.
However, the underlying reasons for this occurrence have not been previously investigated.

Results In this study, we investigated the morphological and chemical properties of 45 pairs of open and closed
cones collected from the same nodes of P yunnanensis var. pygmaea. Our analysis revealed that serotinous cones have
significantly higher phosphorus content than their open counterparts. Higher phosphorus and lower total carbon
content in cone scales were associated with an increased likelihood of cone closure across cones on the same node.

Conclusions The phosphorus and total carbon contents of cone scales are key factors influencing whether mature
cones remain open or closed in Pinus yunnanensis var. pygmaea. Our study sheds new light on the mechanisms
underlying serotiny.

Keywords Serotiny, Wildland fire, Fire adaptation, Pinus yunnanensis var. pygmaea

Resumen

Antecedentes La serotinia, caracterizada por la demora en la liberacion de las semillas, es una caracteristica adapta-
tiva de las plantas en respuesta a los fuegos de vegetacion. Este fendmeno, fue observado en Pinus yunnanensis, una
especie nativa de de la regiéon sudoeste de China, en la cual los fuegos de vegetacién ocurren regularmente. Pinus
yunnanensis var. pygmaea, en particular, demuestra el alto grado de serotinia, en la cual es comun encontrar conos
abiertos y cerrados en el mismo nodo. Sin embargo, las razones que subyacen para que esto ocurra no han sido
previamente investigadas.

Resultados En este estudio, investigamos las propiedades morfoldgicas y quimicas de 45 pares de conos cerrados y
abiertos coleccionados en los mismos nodos de Pinus yunnanensis var. Pygmaea. Nuestro andlisis revel6 que los conos
serotinos cerrados tienen un mayor contenido de fésforo que sus pares abiertos. Un mas alto contenido de fésforoy
un mas bajo nivel de contenido de carbono en estos conos fueron asociados con un incremento en la probabilidad
del cerramiento de los conos entre pares del mismo nodo.
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Conclusiones El fésforo y el contenido total de carbono en conos representan un factor clave que influencian el
cuando conos maduros permanecen abiertos o cerrados en Pinus yunnanensis var. pygmaea. Nuestro estudio propor-
ciona nuevas luces sobre los mecanismos que subyacen en la serotinia.

Background

Serotiny, defined as the delayed release of seeds, refers to
the phenomenon where seeds remain stored in a plant’s
canopy even after the seeds mature, thereby forming a
canopy seed bank (Lamont 1991, 2021). Widely recog-
nized as a key fire-adaptive trait, serotiny confers eco-
logical advantages in fire-prone environments when fire
return intervals fall between age to reproductive maturity
and the plant life span (Lamont et al. 1991; Thompson,
1987). In such cases, stored seeds are released post-fire,
facilitating regeneration by ensuring a sufficient seed
bank (He et al., 2016; Lamont et al., 2020). The evolution-
ary lineage of serotiny can be traced back to the Triassic
period, a time when wildfires became more frequent on
Earth (Kamo et al. 2003; Swarup et al. 2021; Wan et al.
2021). More than 1300 species across various plant fami-
lies, including Cupressaceae, Casuarinaceae, Proteaceae,
Myrtaceae, Asteraceae, and Ericaceae in Africa and Aus-
tralia, as well as Pinaceae and Taxodiaceae in Europe
and North America, have been documented to exhibit
serotiny (Lamont et al. 1991).

Serotiny is often quantified by the ratio of closed,
retained cones to the total number of mature cones on
an individual plant (Enright et al. 1998; Midgley 2000).
Substantial variation in serotiny exists not only among
closely related species but also within species (Causley
et al. 2016; Keeley 2012; Lamont 1991). The serotiny vari-
ation in plants is influenced by various factors, including,
but not limited to, fire regime. For instance, higher lev-
els of serotiny have been reported in populations inhab-
iting regions with frequent wildfires compared to those
in areas with infrequent fire events across many species.
However, serotiny is not always positively associated with
wildland fire frequency. Lamont et al. (2013) highlighted
that frequent fires result in lower-intensity flames that
are often unable to reach or open serotinous cones. As
a result, high fire frequency limits the reproductive suc-
cess of obligate seeder species that rely on serotiny for
regeneration (Cowling & Lamont 1985; Ne'eman et al.
2004). Tonnabel et al. (2012) revealed that across seroti-
nous species in fire-prone ecosystems, life-history trade-
offs and the low predictability of fire intervals may favor
lower levels rather than high levels of serotiny through
the development of optimal resource allocation patterns.

Habitat conditions affect serotiny by influencing cone
physiological properties. The fat content of cones is an
important property influencing serotiny, as the level

of serotiny often increases with greater fat content in
cones across many species (Ahlgren 1974; Arrieta et al.
2017; Horstmann et al. 2022). For instance, Wang et al.
(2020) demonstrated a positive correlation between
cone fat content and serotiny levels across four Pinus
species (e.g., Pinus yunnanensis Franch, Pinus densata
Mast, Pinus kesiya var. langbianensis Gaussen, and
Pinus massoniana Lamb), suggesting that lipid metabo-
lism may regulate serotiny. The study on the variation
in serotiny among Pinus halepensis populations sug-
gested that serotiny variation may be due to the genetic
divergence in the strength of resin bond (Tapias et al.
2001). Serotinous and non-serotinous cones in Pinus
halepensis produce seeds with markedly different
physiological and ecological characteristics. Serotinous
seeds have thicker coats and higher heat tolerance,
and can maintain higher germination rates and enzy-
matic activity under fire exposure, making them better
adapted to post-fire regeneration (Martinez-Honduvilla
& Santos-Ruiz 1978). All these studies suggested that
the evolution of serotiny may be are related to changes
in various cone physiological properties and driven by
multidimensional mechanisms.

Southwestern China falls within the subtropical
monsoon climate zone, characterized by alternating
warm-dry and hot-humid seasons, creating conditions
conducive to wildland fires (Su et al. 2019). Wildfires
have shaped the evolution of a variety of local plant
species, including Pinus yunnanensis (Luo et al. 2021).
Pinus yunnanensis, a dominant species in this region,
has three varieties that have adapted to distinct habi-
tats: var. yunnanensis, var. tenuifolia, and var. pygmaea.
Var. pygmaea is characterized by the highest serotiny
level among these varieties (Fig. 1a) (Pausas et al. 2021).
It is a common occurrence to find an open cone and a
closed cone situated on the same node of var. pygmaea
(Fig. 1b, c). Although extensive research has investi-
gated the variability in serotiny level across species,
varieties, and populations, the mechanism behind the
variability in cone openness versus closure on the same
node within an individual plant remains poorly under-
stood (Hernéndez Serrano et al. 2013).

The current study represents an exploratory inves-
tigation into what traits might differ between paired
cones of Pinus yunnanensis var. pygmaea when one
opens and the other remains closed. Firstly, we inves-
tigated the morphological differences, including cone
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weight and length, between the two types of cones to
explore potential ontogenetic differences between open
and closed cones. We also measured the total carbon,
nitrogen, phosphorus, and crude fat contents of the
cone scales, as these physiological properties may be
closely related to serotiny through various metabolic
pathways. For instance, phosphorus is an important
element involved in resin biosynthesis, and nitrogen
is fundamental for protein and enzyme functions that
may influence lipid metabolism. Carbon, as a primary
component of organic molecules, is essential for plant
growth and metabolic activity. Both elements may also
play roles in the development of structural features
such as thicker seed coats or cone scale tissues. Our
aim of this study is to identify consistent differences in
cone traits that may contribute to understanding the
maintenance of both serotinous and non-serotinous
cones on the same node within an individual plant.

Materials and methods

Sample collection

Pinus yunnanensis var. pygmaea usually grows on dry
and barren, sunny upper slopes, at altitudes ranging from
2200 to 3100 m (Chen et al. 2021; Feng et al. 2023). Pol-
len dispersal occurs in April/May, and cones mature in
October of the following year. Serotiny level ranges from
66.2% to 90.5% across populations within var. pygmaea
(Su et al. 2017). We collected cone samples between
March and May 2023. We selected three populations of
Pinus yunnanensis var. pygmaea (103° 45" E, 25° 48" N;

Fig. 1 a Naturally grown Pinus yunnanensis var. pygmaea trees. b and ¢ The phenomenon of open and closed pine cones situated on the same
node of Pinus yunnanensis var. pygmaea

102° 36" E, 24° 38" N; 102° 14" E, 24° 57" N). From each
population, we randomly chose five healthy, mature indi-
viduals. From each individual, we collected three pairs of
open and closed cones. The three pairs of cones selected
for each tree had to be from those that matured in the
current year. Since the cone development process of
Pinus yunnanensis takes two years, the main stem and
the tops of lateral branches undergo differentiation and
growth annually, forming distinct growth nodes, which
can be used to identify the year of cone maturation. All
pairs of cones were placed in sealed bags for preservation
and promptly transported to the laboratory for further
analysis.

Measurement of cones’ morphological and chemical
properties

Length and Weight

We dried the cones in an oven at 80 °C until they reached
a constant weight. After removing the seeds, we meas-
ured the cone weight using an analytical balance and
recorded the cone length using a vernier caliper (Clark
etal. 1999).

The crude fat of cones To determine the crude fat of
cones, we first ground the cone scales and passed them
through a 15-mesh (1.35-mm) sieve. We then dried the
powdered samples in an 80 °C oven until they reached
a constant weight. For extraction, approximately 2 g
(recorded as W1) of dried and crushed sample powder
was placed in the extraction thimble of the Soxhlet extrac-
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tor, followed by the addition of an ether-ethanol (3:1)
mixed solution to fully submerge the sample. The sample
was pre-treated by soaking for over 16 h. After soaking,
anhydrous ether was poured into the extraction thimble,
and an appropriate amount of fresh mixed solution was
added again to ensure the sample remained fully sub-
merged. All parts of the instrument were connected, and
the condenser water was turned in. The extraction was
carried out on a water bath heated to 70-80 °C to facili-
tate ether reflux. The reflux rate was controlled at 8 cycles
per hour, corresponding to an ether drip rate of 120-150
drops per minute, and the extraction lasted for 6 h. The
sample was then filtered out from the extraction thimble
and placed in a ventilated area to allow the ether-ethanol
solution to evaporate. Subsequently, the sample was dried
in an oven at 105 °C for 2 h, cooled to room temperature,
and weighed (recorded as W2). The proportion of weight
loss before and after extraction represented the crude fat
content. Crude fat content was then calculated using the
following formula (Mokbul et al. 2022):

1-Ww2
x 100%
w1

Crude Fat(%) = W
where: W1 is the initial mass of the sample (g); W2 is the
mass of the sample after extraction (g).

To determine total carbon, we first sieved the cone
powder samples through a 100-mesh (0.15-mm) sieve,
following the preparation method used for crude fat
determination. We then measured total carbon con-
tent using an elemental analyzer (HEKAtech GmbH,
Wegberg, Germany; Euro EA 3000). The analyzer oper-
ated with the following parameters: a gas flow rate of
80 mL min”~!, an oxygen pressure drop (APO,) of
35 kPa, a sample runtime of 360 s, and a furnace temper-
ature of 980 °C (Jimenez & Ladha 1993).

To determine total nitrogen, we weighed 0.20 g of
plant material that had passed through a 100-mesh sieve
and placed it at the bottom of a digestion tube. We then
added one Kjeldahl tablet and 10 mL of concentrated
H,SO,, allowing the mixture to stand overnight. After-
ward, we transferred the tube to a digestion furnace and
digested the sample until the solution turned a clear gray-
ish-white, indicating complete digestion. Once cooled,
we measured the total nitrogen content of the needles
using the semi-micro Kjeldahl method (Edwards 1954).

To determine total phosphorus, we first dried the
samples and sieved them through a 35-mesh (0.5-mm)
screen. We then powdered the samples and digested
them using an H,SO,-H,0, solution. Next, we extracted
phosphorus using NaOH solution, which converted
phosphorus minerals or organic phosphorus compounds
in the pine cone samples into soluble orthophosphate.
Under acidic conditions, we used the molybdenum blue
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colorimetric method and a UV spectrophotometer to
measure absorbance at 700 nm. Using the standard curve
equation, the phosphorus concentration of the sample is
calculated and then expressed as total phosphorus con-
tent (Kovar & Pierzynski 2009).

Data analysis

We recorded and organized the experimental data using
Microsoft Excel, expressing the results as mean * stand-
ard error. Paired sample t-test were conducted in SPSS
27.0 to compare closed and open cones in terms of cone
length, cone weight, and the percentages of total nitro-
gen, carbon, phosphorus, and crude fat. To assess the
effects of cone traits—specifically cone length, weight,
crude fat content, total carbon, total nitrogen, and
total phosphorus—on cone status (open or closed), we
employed a Generalized Linear Mixed Model (GLMM)
using the glmm function in R 4.4.1 (Harrison 2014; X.
Li et al. 2023). In this model, cone status was treated as
a binary response variable following a binomial distri-
bution with a logit link function, and sampling site was
included as a random effect to account for potential spa-
tial variation. GLMM are well-suited for analyzing binary
outcomes while incorporating both fixed and random
effects, allowing us to evaluate the influence of each pre-
dictor while controlling for site-level variation (McCul-
lagh 2019). Here, the model assumes the probability of
the cone opening is P, and the probability of the cone
being closed is 1 — P. Thus, the logit transformation of P,
denoted as logit(P), is given by In(P/(1—P)). The model
assumes the probability of the cone opening is P, and the
probability of the cone being closed is 1-P. Thus, the logit
transformation of P, denoted as logit(P), is given by In(P/

(1-P)).

logit(P) = In(P/(1 = P)) =a + p1X1 + - + BmXm
Z=a+p1X1+ -+ PmXm

To establish a linear regression equation with P as the
dependent variable, we need to express P in terms of the
logit transformation. The logit transformation of P is
given by:

eZ

- 1+e*

In the model, a is a constant, and Pm represents the
logistic regression coefficients, which indicate the rela-
tive contribution rates of various factors to the behavior
of the cone open and closed.

Then, variance decomposition analysis was performed
to quantify the relative importance of cone length,
weight, crude fat content, total carbon, total nitro-
gen, and total phosphorus in explaining the cone status
(open or closed), using the “glmm.hp” package in R 4.4.1
(Lai et al. 2022). We performed all statistical analyses
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Table 1 Comparison of average values for measured properties
between open and closed pine cones by using paired sample
t-test (45 pairs). Data are presented as mean + standard error (SE).
Different superscript letters (a, b) within the same row indicate
significant differences between groups (p < 0.05)
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Table 2 Generalized linear mixed model (GLMM) with a
binomial distribution and a logit link function was used to
derive the percentage of importance of each property in this
experiment, and whether it influenced the open of cones (“*’,
p<0.05;"* *" p<0.01;, unmarked, p>0.05.)

Cones properties Open (n=45) Closed (n=45)
Length (cm) 5342+808a 53.16+863a
Weight (g) 2231+862a 2241+888a
Crude fat content (g/100 g) 356+1.77a 3.76+168a
Total carbon (%) 46.72+10.05a 4431+1095a
Total nitrogen (g/Kg) 1.77+1.08 a 1.82+138a
Total phosphorus (g/Kg) 0.18+0.10a 032+0.28b

and data visualizations in R 4.4.1 to intuitively examine
the relationships between cone status and the measured
variables.

Results

Comparison of morphological and chemical properties
between open and closed cones

We conducted paired sample t-test to compare the trait
values of open and closed cones. The results revealed no
significant difference in cone length or weight between
open and closed cones (p>0.05, Table 1). The total nitro-
gen, total carbon, and crude fat content concentrations
also showed no significant difference between open and
closed cones (p>0.05, Table 1). However, serotinous
cones exhibited a significantly higher total phosphorus
concentration than open cones (p <0.05, Table 1).

GLMM analysis on cone traits related to cone openness

We employed GLMM model to assess how six cone prop-
erties—cone length, cone weight, crude fat content, total
carbon, total nitrogen, and total phosphorus—affected
cone status (open or closed). The analysis revealed that
total phosphorus concentration was the strongest pre-
dictor of cone openness (p<0.01), followed by total car-
bon (p <0.05), with lower phosphorus and higher carbon
content associated with an increased likelihood of cone
opening (Table 2). In terms of relative explanatory power,
total phosphorus accounted for the highest proportion
of explained variance (65.13%), followed by total carbon
(25.90%). Other variables did not show statistically sig-
nificant effects (Fig. 2).

Discussion

In this study, among the variables measured, phospho-
rus concentration and total carbon concentration in
cone scales emerged as traits strongly associated with
whether cones are open or closed. Morphological traits,
as well as crude fat and nitrogen concentrations, were

Variable Estimate V4 Pvalue
(SE)

Weight (g) —-0.055 —-1.058 0.290
Length (cm) 0.420 0.962 0336
Crude fat (9/100 g) —0.220 -0917 0359
Total Nitrogen (g/Kg) 0.266 0.872 0.383
Total Phosphorus (g/Kg) —-1.104 —2.608 0.009%*
Total Carbon (%) 0.726 2218 0.027*

found to have no significant association with cone status.
Phosphorus plays a crucial role in metabolic processes
such as lipid biosynthesis, as it is a key component of
nucleic acids and phospholipids (R. Li et al. 2021; Pandey
2015). An increase in phosphorus content may indirectly
enhance lipid metabolism (Fan et al. 2023), which could
in turn contribute to resin synthesis. Resin, an important
plant secretion, is known to protect cones from external
environmental stress, particularly by aiding in cone clo-
sure under high-temperature conditions. Studies have
shown that resin accumulation is closely related to the
maintenance of cone closure, as it not only contributes
to the heat resistance of cones but also facilitates cone
opening after fire events (Croteau et al. 1987; Eberhardt
et al. 1994). Therefore, higher phosphorus concentrations
may be linked to increased resin synthesis and retention,
which could influence cone closure (Sanz-Pérez et al.
2009). A negative correlation was detected between the
total carbon content in cone scales and serotiny. Carbon
is a key element in structural carbohydrates, such as cel-
lulose and lignin. Higher concentrations of cellulose and
lignin may potentially reduce the flexibility and increase
the rigidity of cone tissues, thereby increasing the likeli-
hood of cone opening (Gibson 2012; Ozparpucu et al.
2019). Additionally, an increased investment in structural
carbon may come at the expense of other components,
such as resins, that are critical for long-term cone sealing.
This trade-off could reduce the cones’ ability to remain
closed over time, ultimately leading to a lower level of
serotiny (Ma & Zhu 2019; Rosas Vega et al. 2023).

The openness or closure of cones situated at the same
node likely emanates from intrinsic cone physiological or
biochemical traits. Although our findings suggest phos-
phorus and carbon are related to serotiny potentially by
influencing metabolic pathways, the underlying mecha-
nisms remains speculative. Crude fat has been implicated
as an important factor influencing serotiny in previous
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Fig. 2 The relative importance of each predictor in determining cone openness or closure. The bar chart shows the proportion of variance
explained by each variable based on the variance decomposition analysis. Asterisks denote statistical significance from the logistic regression: %,
p<0.05;"* %" p<0.01, and unmarked variables were no significant (see Table 2 for detailed values)

studies. However, it did not show a significant associa-
tion with serotiny in our analysis. This discrepancy may
arise from the insignificant variation in crude fat content
between open and closed cones in Pinus yunnanensis var.
pygmaea. Alternatively, it may also indicate that the role
of crude fat in serotiny is context-dependent and not a
universally dominant driver across all taxa or conditions.
Unraveling the precise biochemical mechanisms that
connect elemental composition to serotiny requires fur-
ther investigation. Currently, the genetic basis of delayed
seed release remains unclear due to the complexity of
its regulation (Budde et al. 2014; Parchman et al. 2012).
Since the open and closed cones situated at the same
node from the same individual share the same genetic
background, transcriptomic analysis can be used to
investigate the gene expression patterns associated with
cone opening and closure (Guillotin et al. 2023; Rich-
Griffin et al. 2020). Transcriptome analysis can directly
reveal gene expression differences related to serotiny,
potentially identifying genes such as involving in resin
production (Demey et al. 2023; Zakharov & Trofimov
2024). Such studies could provide crucial insights into
the molecular mechanisms governing serotiny, poten-
tially yielding the identification of key genes that regulate
serotiny levels and their functional validation.

Conclusion

The co-occurrence of open and closed cones on the
same node is a common phenomenon in serotinous
species. However, the underlying reasons for this phe-
nomenon have not been previously investigated. By
investigating 45 pairs of open and closed cones situated
on the same node of Pinus yunnanensis var. pygmaea,
we found that the mechanism differentiating open and
closed cones may be related to variations in phospho-
rus and carbon concentrations in cone scales. This
study offers novel perspectives on the physiological and
ecological mechanisms driving serotiny.
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