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Abstract
Background Inter-speci�c hybridizations were common and can easily take place in Buddleja , and it was
an important way for evolution and rapid speciation. The F1 hybrid in this study was a newly identi�ed
inter-speci�c hybridization between B. crispa and B. o�c inalis in Sino-Himalayan region. In the natural
hybrid zones, F1 hybrids always occupy different habitats from their parents. The objective of this study
was to explore environmental acclimatization of F1 hybrids and their parents at physiological and
biochemical levels.

Results The results showed that F1 hybrids performed as an intermediate in adaptation to their parents,
with divergent gas-exchange and chlorophyll �uorescence features. F1 hybrids showed the parallel light
compensation point and light saturation point with their parents, but low utilization e�ciency to low-light
density. They synthesized the greatest total chlorophyll content (10.41 ± 0.56 mg•g -1 ) in leaves than
their parents. During the diurnal variation of photosynthesis, F1 hybrids markedly decreased and
preserved the stomatal conductance and leaf transpiration rate at a low level. However, they kept high
carbon assimilation rate and water-use e�ciency with markedly increased vapor pressure de�cit. In F1
hybrids, the maximum net photosynthetic rate, maximum water-use e�ciency and maximum vapor
pressure de�cit were 10.48 ± 0.50 mmol CO 2 •mmol -1 photo, 21.52 ± 2.20 µmol•mmol -1 and 4.18 ±
0.55 kPa, respectively. In addition, all Buddleja species performed well and grow healthy with high level of
the maximum photochemical e�ciency of PSII and low non-photochemical quenching, 0.83 ± 0.004 -
0.85 ± 0.004, and 1.22 ± 0.15 - 1.97 ± 0.08, respectively. In F1 hybrids, they showed great photochemical
activity compared to their parental species with high photochemical quenching. Furthermore, the effective
quantum yield and electron transport rate presented a similar behavior.

Conclusions The results indicated that F1 hybrids have great photochemical activities and growth
acclimatization compared to their parents. Associated with the growth performance of F1 hybrids in the
homogenous garden, our results suggested that the divergent gas-exchange and chlorophyll �uorescence
patterns may facilitate F1 hybrids to respond to different habitats, and to improve growth performance.

Background
Natural hybridization and gene introgression is widespread in angiosperms. It is a potentially creative
evolutionary process and generating adaptive variations [1-3]. Species-speci�c morphological or
physiological traits can assist plants to adjust to different ecological environments [4].

Natural hybrids usually present unique combination of morphology that differs with those in their parents
[2, 3]. These hybrids are usually intermediate to their parents in morphology, and have different ecological
�tness [1-3]. For example, the hybrids in Cucumis showed divergent phenotypes to respond to low-light
conditions [5]; The hybrids of Sphagneticola trilobata × calendulacea were intermediate in invasive
potential compared to their parents in shade and open environments [6]. Besides, the hybrids own a
potential of transgressive segregation to produce new hybrid traits that allowing the individuals own a
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particular ecological niche rather than intermediate [7]. Thus, studies on the physiological and
biochemical patterns of plants, especially the hybrids lead to new insight into adaption and evolution of
plant species.

Photosynthesis, which refers to assimilating of the atmospheric CO2, is complex biophysical and
chemical process [8]. Leaves are specialized for photosynthesis where the CO2 can be trapped into the
spongy tissue [8]. Furthermore, chloroplasts, which chie�y spread in leaves, are the sole organelles
responsible for the process of photosynthesis, and in�uencing photosynthesis with different quantity and
content in angiosperm [9]. The effective photosynthesis is closely related to the great plant growth and
increased carbohydrate accumulation [10]. Additionally, the vegetative growth superiority usually results
from the strongest photosynthetic performances [11].

Plant growth superiority is not only closely related to photosynthetic capacity, but also limited by
nutrient stoichiometry (e.g. nitrogen (N) and phosphorus (P)) in living cells [12-15]. In vascular plants, leaf
N is closely related to plant photosynthesis capacity, while P predominately drives the generation and
maintenance of proteins [16]. Moreover, leaf P content may play more important roles than N element.
Based on growth rate hypotheses (GRH), plant growth rate was not only chie�y limited by N and P
contents, but also the ratios [12-14,16] For example, N:P ratio 14 indicates N limitation, while a ratio 16
suggests P limitation [13,17].

Buddleja (Scrophulariaceae) species usually presented phenotype diversi�cation because of polyploidy
or hybridization [18-20]. Polyploidy has always been recognized as a strongest force in phenotype
diversi�cation, and it may be one of the most important mechanisms in plant evolution and rapid
speciation, especially in Buddleja species [19, 21]. In addition, we noted that inter-speci�c hybridizations
between Buddleja species were common and can easily take place [18-20]. For example, Liao [20]
identi�ed the natural hybridization and asymmetric introgression between B. crispa and B. o�cinalis in
Yunnan province. Besides, it is one of the newest identi�ed natural hybridizations in Buddleja [20]. Thus,
it was an interesting model to study the inter-speci�c hybridization effects and adaptive mechanisms.

In the �eld, B. crispa and B. o�cinalis and their F1 hybrids showed different morphological traits,
especially the leaf morphology. For example, B. crispa usually grow with cordate stipules, petiole often
winged and leaves covered white densely tomentose; The leaves of B. o�cinalis usually cover yellow
tomentose on lower leaf epidermis; While, F1 hybrids dominated cover white tomentose on the epidermis
of young leaves and the lower leaf epidermis of mature leaves. Besides, F1 hybrids showed different leaf
shapes compared to the parental species. What’s more interesting is that they grow at divergent habits,
though they share sympatric distribution in the �eld. In the natural hybrid zones (e.g., Xishan mountain,
Yimen, Cangshan mountain; personal observation), the parental species B. crispa and B. o�cinalis prefer
dry cliffs with more rocks and open lands, respectively. However, F1 hybrids prefer scrubland or
understory.
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To better understand the environmental acclimatization of F1 hybrids, we examined the growth and
photochemical attributes compared to their parents in a homogenous garden. Asian Buddleja taxa were
secondarily originated from Sino-Himalayan region, and over 85% of the Asian Buddleja species were
distributed in this area [18, 21, 22]. Until recently, researchers have always been interested in
pharmaceutical value, pollination ecology and genetic diversity of Buddleja species, but it is limited to
plant physioecological properties and acclimatization [23]. In this work, our objective was to provide a
starting point toward a better understanding of how Buddleja hybrids adapt to the ecological environment
at physiological and biochemical levels. Speci�cally, we addressed the following questions: (1) What are
the differences between F1 hybrids and their parents in plant growth and photosynthetic activities; (2)
Why F1 hybrids grow in heterogeneous habits with their parents in the �eld? (3) What are the
physioecological acclimatization properties of F1 hybrids?

Results
Plant growth

All Buddleja individuals performed well at the experimental base of Honghe University after transplanted
for six months. They produced many strong new branches, and plant heights have up to 1.0 m height. An
apparent morphological difference between species was noticed.

The growth traits, including leaf area (LA), speci�c leaf area (SLA), leaf mass per area (LMA) and leaf dry
matter content (LDMC) were evaluated. F1 hybrids were intermediate to their parental species in all
measured growth features (Fig. 1). All the three Buddleja species presented great LA with no signi�cant
differences (P 0.05), and it ranged from 93.21 ± 4.38 to 109.15 ± 8.97 cm2 (Fig. 1A). B. crispa has the
largest LA, but the minimum for another parental species B. o�cinalis (Fig. 1A). The SLA showed the
same tendency as in LA, ranged from 14.46 ± 1.41 to 19.89 ± 0.8 cm-2•g-1 (Fig. 1B). While, the SLA in B.
crispa showed signi�cant differences (P 0.05) compared to the other species.

LDMA and LMA showed the adverse tendency, and B. o�cinalis has the maximum (Fig. 1C, D). But, there
was no signi�cant difference between B. o�cinalis and F1 hybrids (P 0.05). B. crispa showed the
minimum LDMA and LMA compared to F1 hybrids and B. o�cinalis, 0.18 ± 0.01 g•g-1 and 5.07 ± 0.22
mg•cm-2, respectively (Fig. 1C, D). And there were signi�cant differences (P 0.05) between the two
parental species.

  

Chlorophyll contents

All the three Buddleja species produced great chlorophyll pigment (Table 1). F1 hybrids produced the
largest chlorophyll a and the total chlorophyll content, 8.02 ± 0.26 and 10.41 ± 0.56 mg•g-1, respectively
(Table 1). B. o�cinalis produced the greatest chlorophyll b (3.33 ± 0.49 mg•g-1), but with the minimum
chlorophyll a and the total chlorophyll (Table 1).
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Additionally, F1 hybrids showed the greatest chlorophyll a/b ratio, 3.73 ± 0.09 (Table 1). B. crispa was
secondary (3.61 ± 0.11), but showing no signi�cant difference (P 0.05) with F1 hybrids (Table 1). B.
o�cinalis showed the minimum chlorophyll a/b ratio 0.93 ± 0.24. And it showed signi�cant difference (P
0.05) compared to F1 hybrids and B. crispa.

 

Leaf C, N, P stoichiometry

The leaf carbon (C), nitrogen (N) and phosphorus (P) stoichiometric characteristics among the three
Buddleja species were measured (Fig. 2). All the three Buddleja species produced great C in their leaves,
ranging from 606.0 ± 3.46 to 706.0 ± 2.0 mg•g-1 (Fig. 2A). B. crispa produced the maximum foliar C
content, and B. o�cinalis secondary. Although F1 hybrids stored the lowest foliar C, it collected great N
and P nutrient (20.47 ± 0.00 and 1.58 ± 0.00, respectively), especially the N (Fig. 2B, C). B. o�cinalis
gathered the minimum N (20.47 ± 0.001 mg•g-1) and P (0.99 ± 0.005 mg•g-1) elements compared with B.
crispa and F1 hybrids. And there was signi�cant difference (P 0.05) in foliar C, N and P content between
the three Buddleja species.

The three Buddleja species also showed the great C:P and N:P ratios (Fig. 2D, E). B. o�cinalis showed the
greatest C:P (31.25 ± 0.09) and N:P (20.82 ± 0.23) ratios. F1 hybrids showed an intermediate N:P ratio,
but the lowest C:P ratio. And it was signi�cantly different in N:P and C:P ratios compared with their
parental species (P 0.05).

In addition, the photosynthetic nitrogen use e�ciency (PNUE) in these species were also evaluated (Fig.
2F). F1 hybrids showed the lowest PNUE 0.68 ± 0.04 µmol CO2•mol-1•s. It was signi�cantly lower than
that in their parental species (P 0.05). The parental species B. crispa showed the greatest PNUE (1.34 ±
0.05 µmol CO2•mol-1•s-1), and B. o�cinalis was secondary.

 

Gas-exchange in diurnal variation

1. crispa and B. o�cinalis showed the same tendency in net photosynthetic rate (Pn), stomatal
conductance (Gs), transpiration rate (E), vapor pressure de�cit of leaf (VpdL), water-use e�ciency
(WUE) and light-use e�ciency (LUE) in respond to diurnal photon �ux density (PPFD) variation (Fig.
3). But, F1 hybrids showed different patterns compared to their parents. Both B. crispa and B.
o�cinalis present clear midday depression of photosynthesis between12:00 and14:00 (Fig. 3A). The
E, Gs and VpdL continually increased during these times (Fig. 3B, C, D).

However, F1 hybrids did not markedly reduce its photosynthesis during the midday time, and keeping high
carbon assimilation rate during the day time (Fig. 3A). The maximum Pn can up to 10.48 ± 0.50 mmol
CO2•mmol-1 photo. To the contrary, it strikingly reduced their E and Gs levels after expose to gradually
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increased PPFD (Fig. 3B, C). And it keeps E and Gs at a low level after 12:00. But, it markedly increased
their VpdL level during the midday time (Fig. 3D). The maximum VpdL can up to 4.18 ± 0.55 kPa.

The WUE and LUE among these species were also evaluated (Fig. 3). F1 hybrids keep raising the WUE
level during the day time (Fig. 3E). The maximum WUE can up to 21.52 ± 2.20 µmol•mmol-1. But, the
parental species B. crispa and B. o�cinalis gradually decreased their WUE level with diurnal PPFD
variation, and it was markedly lower than that in F1 hybrids. All the three Buddleja species showed the
same tendency in LUE (Fig. 3F). But, F1 hybrids rapidly increased it after 16:00 at low PPFD.

 

Photosynthetic response to light

Photosynthetically active radiation (PAR)-Pn response curves revealed the photosynthetic properties of
each species in respond to changing light conditions, and it was listed in Table 2. F1 hybrids showed the
lowest apparent quantum yield (AQY), light-saturated net photosynthetic rate (Pmax) and rate of
respiration (Rd) than their parents. And it was only 0.06 ± 0.001 mmol CO2•mmol-1 photo, 9.19 ±

0.41µmol CO2•m-2·s-1 and 1.14 ± 0.05 mmol CO2•m-2•s-1, respectively (Table 2).

Although they showed different AQY, Pmax and Rd, the light compensation point (LCP) and
light saturation point (LSP) were similar, with no signi�cant differences (P 0.05; Table 2). Moreover, F1
hybrids have the lowest LCP 1.14 ± 0.05 mmol CO2•m-2•s-1 (Table 2).

 

Chlorophyll a �uorescence

Chlorophyll a �uorescence traits after dark and light-adapted of the three Buddleja species were exhibited
in Fig 4. All the three Buddleja species showed great maximum photochemical e�ciency of PSII (Fv/Fm),
ranging from 0.83 ± 0.004 to 0.85 ± 0.004 (Fig. 4A). To the contrary, they have high photochemical
e�ciency of PSII in the light (Fv’/Fm’) and low non-photochemical quenching (NPQ), ranging from 0.5 ±
0.01 to 0.55 ± 0.02 and 1.22 ± 0.15 - 1.97 ± 0.08, respectively (Fig. 4B, D). Furthermore, they showed great
photochemical activity with high photochemical quenching (Qp), effective quantum yield (ΦPSII) and
electron transport rate (ETR).

     F1 hybrids have the highest Qp, NPQ, ΦPSII and ETR than their parental species, though there was no
signi�cant difference (P 0.05) between F1 hybrids and B. o�cinalis (Fig. 4C, D, E, F). B. crispa showed the
lowest Qp, NPQ, ΦPSII and ETR compared to other two species with signi�cant difference (P 0.05).

 

Inter-speci�c variations in the three Buddleja species
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To evaluate inter-speci�c differences in detail, plant growth, gas-exchange and chlorophyll a �uorescence
traits at individual levels were examined in the three Buddleja species (Fig. 5). According to the results of
principal component analysis (PCA), PCA 1 and 2 explained 46.76% and 18.94% of the total variations,
respectively. Moreover, gas-exchange traits, such as E, Gs, contributed greatly to the parental species B.
crispa and B. o�cinalis. However, chlorophyll �uorescence, such as Qp, ΦPSII and ETR and WUE
contributed greatly to F1 hybrids.

 

Growth potential of the three Buddleja species

To evaluate environmental acclimatization of these Buddleja species, the membership function values
were calculated based on all investigated traits (Table 3). B. crispa showed the greatest uXj, Wj  and D
values, 0.53 ± 0.02, 10.39 ± 2.34 and 179.23, respectively. While, the other parent B. o�cinalis showed the
lowest. F1 hybrids are intermediate to their parental species, and have great D value 83.14 (Table 3).

Discussion
Hybridization can immediately have the phenotypic consequence and local adaption through take
advantage of hybrid vigor [7]. F1 hybrid in this study was a new identi�ed natural hybridization between
B. crispa and B. o�cinalis by Liao [20]. They are not only having divergent morphology and inheritance,
but also the living habitats [20]. In the present work, the performances and physioecological properties of
three Buddleja species under homogenous garden cultivation were evaluated. To maximize light
capturing in low light intensity, plant species usually increased their SLA, and decreased their biomass
through spread out leaf size and thinner it [24]. In this work, all three Buddleja species performed well with
large LAs (Fig. 1). The parental species B. crispa have the greatest SLA and the minimum LDMC. And F1
hybrids are intermediate to their parents in SLA and LDMC. Smart [25] believed that LDMC is better at
predicting plant growth and performance than SLA, though plants may adjust a suite of morphological
and physiological traits. Thus, our results suggested that F1 hybrids were an intermediate to their parents
in plant growth potential in the homogenous garden. In general, inter-speci�c hybridization may result in
chlorophyll de�ciency [5], and the de�ciency of chlorophyll b was adverse to chlorophyll biosynthesis [26,
27]. In this study, F1 hybrids synthesized the greatest total chlorophyll pigment and chlorophyll b than
their parents (Table 1). Besides, they showed the greatest chlorophyll a/b ratio, which was an indicator of
the balance between light harvesting and photosynthesis [28]. Meanwhile, it is positively correlated to the
size of photosynthetic unit of the individual photosystem [28]. Thus, these results implied that F1 hybrid
in Buddleja was not only an intermediate compared to their parental species, but also it may have more
powerful photosynthetic capacity and environmental acclimatization. Stoichiometric characteristics,
especially the foliar N content are either closely associated with plant growth and productivity, or play
important roles in plant functions, such as driving photosynthesis [13, 16, 29]. PNUE has always been
used in determining the e�ciency of plant species use N to achieve growth [30, 31]. However, F1 hybrids
showed the minimum PNUE, though they collected a larger amount of N in their leaves than their parents
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(Fig. 2F). Onoda [32] found that decreased photosynthetic N-use e�ciency in plant species may be
resulted from allocation of N to cell walls. Moreover, the great LMA, which was an index of structural (cell-
wall) biomass [33], in F1 hybrids further support it (Fig. 1D). The trade-off between N allocation to cell
walls and to Rubisco usually correlated with different leaf life spans [41]. What’s more, F1 hybrids
showed great P content and relative lower N:P ratio (Fig. 2), which is closely correlated with plant growth
based on the growth rate hypothesis (GRH) [12, 34, 35]. So, our results suggested that F1 hybrids may
keep high growth rate and great biomass production through extend leaf life spans. In addition, the
results of membership function comprehensive assessment also supported that F1 hybrids performed
well as their parents (Table 3). The hybrid vigor in F1 hybrids was consistent with the results of Kölreuter
[36] that early-generation hybrids always show intermediate phenotype compared to their parents.
Moreover, F1 hybrids showed greatly local adaption through species-speci�c ways, such as divergent
photosyntheitc characteristics (e.g., Gs, E, WUE, LUE) and chlorophyll �uorescence attributes (e.g., Qp,
ΦPSII, ETR). These divergent photochemical patterns may facilitate F1 hybrids to respond to different
habitats, and to impove growth performance in the �eld. Divergent gas-exchange patterns of F1 hybrids
In plants, different photosynthetic attributes may affect species distribution and habitat difference [37,
38]. In the present work, F1 hybrids showed the parallel LCP and LSP levels compared to their parents
with no signi�cant differences (P 0.05; Table 2). However, they showed low AQY, Pmax and Rd compared
to their parents, especially the AQY (Table 2). And it was signi�cantly lower than their parents (P 0.05).
The AQY, Pmax and Rd are important features not only in determining the shape of the light response
curve, but also describing species-speci�c photosynthetic activity [39]. So, the reduced AQY in F1 hybrids
implied that they have lower utilization e�ciency of low-light density than their parents. In the �elds,
plants are continuously suffered from complex environmental conditions, which may affect leaf
photosynthesis and often occur simultaneously. Leaf acclimation to divergent habitats occurs mainly
through modi�cation of leaf photosynthesis, such as carbon assimilation rates, water use e�ciency and
light use e�ciency [40]. After exposure to increasing light intensi�es, Gs and E in the parental species
were varied positively with the PPFD (Fig. 3). However, F1 hybrids showed different gas-exchange
patterns compared to their parents. They markedly reduced Gs and E during 8:00 - 12:00, and kept it at a
low level during the whole afternoon (Fig. 3). These results suggested that F1 hybrids respond sensitively
and negatively to high light intensity. F1 hybrids showed a weak tolerance to strong light intensity, and
high PPFD may induce the closure of stomata, but not their parents. Although the limited Gs reduced the
evaporation of water from leaves, F1 hybrids markedly enhanced leaf WUE (Fig. 3). Meanwhile, they kept
high carbon assimilation rates during the day with markedly increased VpdL. The diverse gas-exchange
patterns in F1 hybrids provided species-speci�c environmental acclimatization, especially the high-light
intensity. Furthermore, this was consistent with the results that F1 hybrids synthesized the greatest
chlorophyll content, which was positively related to plant growth and biomass production than their
parental species (Table 1). Acclimatization potential of F1 hybrids Chlorophyll a �uorescence provided an
insight into the capacity of a plant to tolerate environmental stresses and into the extent to which those
stresses have damaged the photosynthetic apparatus [41]. The Fv/Fm ratio has always been a sensitive
indicator for evaluating abiotic stress on PSII [42, 44], with optimal values of around 0.83 for most plant
species [45]. In this homogenous garden work, all three Buddleja species showed great maximum
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quantum yield with high Fv/Fm ratios ranged from 0.83 ± 0.0035 to 0.85 ± 0.004 (Fig. 4). However, F1
hybrids showed higher NPQ than their parents, which implied the higher extent of heat dissipation for
excessive excitation energy [46]. This indicated that F1 hybrids showed weak tolerance to strong light
compared to their parents. In addition, all Buddleja species in this study showed low level of NPQ and
high Fv’/Fm’ (Fig. 4B, D). Thus, our results suggested that all Buddleja species in this study were not
suffered from photoinhibition or other environmental stresses. Chlorophyll a �uorescence represents the
leaf photochemical e�ciency and growth acclimatization of plants to species-speci�c environments [46].
It competes for excitation energy with photochemistry process, especially photosynthesis [41]. In this
study, F1 hybrids showed the greatest Qp than their parents, which indicated the high electron transport
activities in PSII [47], especially the B. crispa. Simultaneously, the ETR and ΦPSII, which account for plant
health and performance [44, 46] presented a similar behavior to Qp in F1 hybrids (Fig. 4). This implied
that the rise of ΦPSII in F1 hybrids is mainly dependent on the increase of proportion of PSII reaction
center capable of photochemistry [47]. It was consistent with Miyata [48] that plants showed better light
energy utilization on photochemistry usually with high levels of Fv’/Fm’, Qp, ETR and ΦPSII. Associated
with the growth performance of F1 hybrids in the homogenous garden, our results suggested that F1
hybrids have great photochemical activities and growth acclimatization compared to their parents.

Conclusion
Our results demonstrated that F1 hybrid was an intermediate and performed well in the homogenous
garden compared to their parents. Although F1 hybrids have lower utilization e�ciency of low-light
density than their parental species, they showed the parallel LCP and LSP. During the diurnal variation of
photosynthesis, they showed divergent gas-exchange patterns compared to their parents after exposure
to high PPFD. In addition, F1 hybrids not only showed great Fv/Fm ratio and low NPQ, but also have
higher Qp, ΦPSII and ETR levels than their parents. Furthermore, F1 hybrids showed weak tolerance to
strong light compared to their parents. Associated with the growth performance of F1 hybrids in the
homogenous garden, our results suggested that the divergent gas-exchange and chlorophyll �uorescence
patterns may facilitate F1 hybrids to respond to different habitats, and to impove growth performance in
the �eld.

Methods
Materials

In the �eld, three natural hybrid zones of B. crispa and B. o�cinalis, including Xishan mountain
(N24°57′52.59″, E102°37′33.58″, 1985 m a.s.l), Yimen (N24°49′25.64″, E102°13′38.10″, 1735 m a.s.l), and
Cangshan mountain (N25°40′48.06″, E100°08′55.05″, 2780 m a.s.l) were totally found in Yunnan
province, China. At all these three natural ranges, B. crispa grew with small dry leaves because of drought
and hydropenia (Fig. 6A).
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In this study, the parental species B. crispa and B. o�cinalis, and F1 hybrids were introduced and
transplanted into the experimental base of Honghe University during 25 - 30 August, 2018 (Fig. 6). Five
individuals for each taxon were introduced from Xishan mountain. The cultivation environment is
relatively moist and cover-overheaded, which is closer to the natural habitat of F1 hybrids. After cultivated
for six months, the plant growth and photosynthetic characteristics were evaluated. This study was
carried out during 21 February - 28 March, 2019. The mature leaves from annual shoots were used. We
have got a permission to collect and conserve F1 hybrids and their parental species in the experimental
base of Honghe University, and each species have been identi�ed by Dr. Rongli Liao. Vouchers specimens
of each species were deposited at the Herbarium of College of Life Science and Technology, Honghe
University.

 

Leaf trait measurement

All selected mature leaves were �oated in water at dark for 12 hours. The secondary day, each leaf was
dried and weighted for leaf saturated fresh weight following Shah [49]. Six replicates for each taxon were
performed. LA of fresh leaves was also scanned, and digitized by using Image J.

Then, all the leaves were marked and oven-dried at 105℃ for 5 min, and dried to constant weight at 70℃
for three days following [49]. The leaf dry weight of each leaf was recorded. SLA, LMA and LDMC were
further calculated following [25].

 

Chlorophyll determination   

Chlorophyll content was extracted by using N, N-dimethylformamide following Niu [50]. The �tting leaf
area (0.5 cm2, fresh weight) material of each species was punched from fresh leaves (avoiding major leaf
veins where possible) through a circular leaf discs puncher (ø=5mm). Six 0.5 cm2 leaf disks from six
different leaves of each taxon was used, and immerged in N, N-dimethylformamide for 12 h at dark.
Each taxon does three repetitions. Then the supernatant was collected by centrifugation at 1000 r/min for
10 min, and the absorption values were record by Ultraviolet-visible Spectrophotometer (UV 5100B,
Shanghai Metash Instrument Co., Ltd., Shanghai, China) at 664.5 and 647 nm, respectively. Three
repetitions for each taxon were performed. Then the concentration of chlorophyll was expressed as
follows [50-51]:

Chlorophyll a = 12.70 A664.5 – 2.79 A647;

Chlorophyll b = 20.70 A 647 – 4.62 A664.5

Total Chlorophyll = 17.90 A647 + 8.08 A664.5
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Leaf C, N, and P stoichiometry

Five dried leaves in each taxon were selected and ground to �ne power to pass through a 0.15 mm sieve
for C, N and P analysis. Three repetitions for each taxon were performed. The organic C concentration of
plant samples was analyzed by the Walkley-Black modi�ed acid-dichromate FeSO4 titration method [52].
The total N content of plant samples was determined after micro-Kjeldhl digestion using a �ow injection
autoanalyzer. The total P content was analyzed colorimetrically by the ammonium molybdate method
[52, 53]. Plant C, N, and P contents were expressed as g kg-1 on a dry weight basis. Stoichiometric ratios
in leaves were also calculated on a mass basis.

Additionally, the PNUE was further evaluated according to Poorter and Evans [30]. It was calculated as
follows:

PNUE = Pmax/(1/14Nmass×LMA)

where Pmax is the maximum photosynthesis rate of different plant species, Nmass is the leaf nitrogen
content per unit mass, and LMA is leaf dry mass per unit area.

 

Leaf gas exchanges

Diurnal variations of photosynthesis of mature leaves were measured by using Li-6400XT portable
photosynthesis system with a standard 6 cm2 leaf chamber (Li-Cor Inc., USA). And it was determined
under natural light intensity during 11 March and 29 March, 2019. The 7-8th mature leaves below the
plant apex within a new (less than one-year old) branch were used.

At a sunny day, photosynthesis parameters and environmental data were recorded every two hours
between 8:00 and 18:00 h [11]. Pn, Gs, E and VpdL were evaluated. WUE (Pn/ E ratio) and LUE (Pn/ PPFD
ratio) were also calculated and assessed. Five different leaves were used for each taxon, and three
repetitions were logged for each leaf.

PAR-Pn response curves were evaluated between 8:30 and 11:30 by using Li-6400XT portable
photosynthesis infrared gas analyzer (IRGA) system (Li-Cor Inc., USA). The environmental CO2

concentration was used and 6 cm2 cuvette was �tted with a red-blue light source (6400-02B). 13 different
PPFD gradient, including 2000, 1800, 1500, 1200, 800, 500, 200, 100, 80, 50, 20, 10, 0 µmol·m-2·s-1 were
designed. The 7-8th mature leaves from top of the twigs were used, and �ve repetitions were performed
for each taxon.

The chlorophyll �uorescence parameters were recorded by using Li-6400XT portable photosynthesis
system with a �uorescent leaf chamber (Li-Cor Inc., USA). After dark-adapted for 30 min, Fo and Fm were

https://www.sciencedirect.com/science/article/pii/S0168192306000608
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recorded. The following day (9:00 - 11:00), the chlorophyll a �uorescence traits of the same leaf were
further evaluated. A saturating light pulse (1200 µmol quanta m2s-1, 1s) was applied for closing all
reaction centers. And the Fo’, Fm’ and Fs were recorded.

Then, Fv/Fm (Fv/Fm = (Fm - Fo)/ Fm), Fv’/Fm’, ETR, ΦPSII (ΦPSII = (Fm′- Fs)/Fm′, Qp (Qp = 1-(Fs-
Fo’)/(Fm’-Fo’)) and NPQ (NPQ = (Fm - Fm′)/ Fm′) were further calculated [54-56].

 

Data analysis

The �tting parameters of light response curve, including Pmax, AQY (slope of the linear portion of the
light response curve), LCP, LSP and Rd in the light were �tted with a modi�ed model of non-rectanngular
hyperbola according to Ye [57].

The contribution of each growth and photosynthetic parameters among species was estimated by using
PCA in PAST (2.0 version). A variance-covariance matrix of their parameters was used. In the diurnal
variations of photosynthesis, the mean values were used to evaluate the performance of each parameter.
Prior to PCA, all the data were standardized by using log-transforms base on 10 logarithm. To assess the
ecological adaptation of each species, the membership function value of each Buddleja species was also
calculated by using the modi�ed equations according to
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comprehensive membership function value for adaptability of species.

    One-way analysis of variance (ANOVA) was performed to reveal the difference between the hybrids and
parental species. The software PAST (2.0 version) was used for the statistical analysis. Mean separation
was done using the Duncan Multiple Range Test of P  0.05. SigmaPlot software (Version 14.0, Systat
Software, San Jose, CA) was used for graphical works, and then adjusted and assembled with
Adobe Illustrator CS4 (Adobe Systems, San Jose, CA).
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Tables

Table 1 Chlorophyll contents (mean ± S.E.) of three Buddleja species.

Species
 

Chlorophyll a (mg•g-

1)
Chlorophyll b (mg•g-

1) Total Chlorophyll (mg•g-1)
Chlorophyll a/b

 
B. crispa 6.28 ± 0.23b 1.74 ± 0.11b 8.02 ± 0.34bc 3.61 ± 0.11a

F1 hybrids 8.02 ± 0.26a 2.16 ± 0.10a 10.41 ± 0.56a 3.72 ± 0.09a
B.

officinalis 2.87 ± 0.30c 3.33 ± 0.49a 6.2 ± 0.39c 0.93 ± 0.24b

 

Table 2  Fitting parameters of PAR-Pn response curves (mean  ± S.E.) of three Buddleja

species.

Species
 

AQY
(mmol CO2·mmol-1

photo)

Pmax
(µmol CO2·m-

2·s-1)

LSP
(mmol photon·m-

2·s-1 )

LCP
(mmol photon·m-

2·s-1 )

Rd
(mmol CO2·m-

2·s-11)

B. crispa
0.08 ± 0.01a 13.32 ± 0.43a 1098.89 ±

27.77a
24.82 ± 2.21a 1.79 ± 0.25a

F1
hybrids  0.06 ± 0.001b  9.19 ± 0.41b

1050.61 ±
58.72a 23.31 ± 1.32a 1.14 ± 0.05b

B.
officinalis 0.08 ± 0.01a

10.59 ±
0.81b 963.83 ± 81.23a 24.73 ± 2.92a 1.83 ± 0.16a

 

Table 3 The membership function values (mean ± S.E.) of three Buddleja species based on

all investigated traits.
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Species
 

uXj
 

Wj
 

D
  Comprehensive comparison

B. crispa 0.53 ± 0.02 10.39 ± 2.34 179.23 1
F1 hybrids 0.52 ± 0.02  6.30 ± 1.99 83.14 2
B. officinalis 0.50 ± 0.02  1.72 ± 0.49 29.25 3

Figures

Figure 1

Leaf growth characteristics of three Buddleja species. (A) Leaf area (LA); (B) Speci�c leaf area (SLA); (C)
Leaf dry matter content (LDMC); (D) Leaf mass per area (LMA).
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Figure 2

Leaf C, N, P stoichiometry of three Buddleja species. (A) Foliar C content; (B) Foliar N content; (C) Foliar P
content; (D) Foliar C:P ratio; (E) Foliar N:P ratio; (F) PNUE.
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Figure 3

Photosynthetic diurnal variation in gas exchange of three Buddleja species. (A) Pn; (B) E; (C) Gs; (D) VpdL;
(E) WUE; (F) LUE.
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Figure 4

Chlorophyll a �uorescence characteristics of three Buddleja species. (A) Fv/Fm; (B) Fv’/Fm’; (C) Qp; (D)
NPQ; (E) ΦPSII; (F) ETR.
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Figure 5

PCA (Principal Component Analysis) biplot based on plant growth, gas-exchange and chlorophyll a
�uorescence characteristics of three Buddleja species.
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Figure 6

Plant habitats (A, D, G), leaf morphologies (B, E, H) and leaf anatomical structures (C, F, I) of B. crispa (A,
B, C), F1 hybrids (D, E, F), and B. o�cinalis (G, H, I).


