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a b s t r a c t

The plant-pollinator ‘arms race’ model posits that a major driver of the evolution of elongated corollas in
flowers is reciprocal selection for ‘morphological fit’ between pollinator-tongue length and access dis-
tance to nectar (usually corolla-tube length). Evidence for the pollinator-mediated selection on tube
length and evolution of multiple, correlated floral traits remains inconclusive. To gain possible insights
into the strength of stabilizing selection by assessing standing phenotypic variation, we measured a
series of functionally important floral traits, including corolla tube length and ‘effective’ tube depth and
degree of style coiling. We then calculated coefficients of variation (CV) for these traits in three field
populations of R. schneideriana. Unlike in most long-tubed flowers, the bottom part of the corolla tube is
completely occupied by the style, with no room for nectar. The length of this portion of the corolla tube
was more variable (higher CV) than the upper part of the corolla tube, suggesting that functional tube
depth was under stronger stabilizing selection. The degree of style coiling was negatively related to the
corolla-tube length in all three populations of R. schneideriana, suggesting that there may be conflicting
selection acting on style length and corolla-tube length, which are otherwise usually tightly correlated.
Given the lack of nectar in the flowers of this species, the long corolla tubes and long styles may
represent morphological holdovers from ancestors that were pollinated by long-tongued pollinators, as
is still seen in related species in the western Himalayas.

Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

It has been proposed that the evolution of floral traits is moul-
ded by selection mediated by the most abundant and effective local
pollinators (Stebbins, 1970; Fenster et al., 2004). Evolutionary
transitions from short to long corolla tubes or nectar spurs have
been observed in diverse plant lineages and are usually associated
with the changes in the lengths of the tongues of major pollinators.
Because nectar is generally available at the base of corolla tubes,
only foragers with long enough tongues would be able to access the
nectar. Floral manipulations of the depth of nectar within the
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corolla tube or spur have shown that the morphological matching
between corolla tube length and pollinator tongue length is
beneficial to both plant sexual reproduction and pollinator foraging
efficiency (Nilsson, 1988; Anderson and Johnson, 2008; Muchhala
and Thomson, 2009). A recent community survey showed that
the plant-pollinator ‘arms-race’ leading to deeper flowers and
longer proboscides could be maintained only if deeper flowers also
offer larger nectar rewards (Klumpers et al., 2019). Thereafter, the
evolution of long corolla tubes could be driven by the morpho-
logical adaptations of long-tongued pollinators to accessing reward
(Nilsson, 1988, 1998; Wasserthal, 1997; Amorim et al., 2014;
Johnson et al., 2017).

Specialized plant-pollinator mutualisms, when obligate,
engender high risk of extinction of one or both partners when one
partner becomes scarce or goes extinct locally. From the plant
perspective, sexual reproduction would fail if its reproductive
success depends completely on one specialized pollinator species.
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
censes/by-nc-nd/4.0/).
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In response to such events, plants with specialized pollination may
increase reproduction by cloning (Ferrero et al., 2020), evolve to be
autonomously self-pollinating, or evolve to be less specialized in
the pollinators utilized (Armbruster and Baldwin,1998; Fenster and
Mart�en-Rodríguez, 2007; Zhang and Li 2008; Roels and Kelly, 2011;
Petanidou et al., 2012; Ward and Blum, 2012).

Unlike most members of the largely tropical Zingiberaceae,
Roscoea is an exclusively temperate genus extending into high-
elevation regions of the southern Himalayas. Roscoea species are
characterized by purple flowers with corolla tubes ranging from 2
to 13 cm in length. Although previous studies have revealed a
geographically mosaic pattern of coevolution in Roscoea purpurea
and a long-tongued fly pollinator (Philoliche longirostris) in Nepal
(Paudel et al., 2015, 2016), long-tongued insect pollinators have not
been seen on long-tubed Roscoea species in the eastern Himalayas
of China during the past 15þ years of observations (Zhang and Li,
2008; Zhang et al., 2011, and subsequent unpublished observa-
tion). Indeed, the eastern Himalayas appear to be outside the dis-
tribution area of these long-tongued flies. With a length of over
6 cm, the corolla tubes of most Roscoea species are much longer
than the proboscis length of any insect recorded in the eastern
Himalayas. In the eastern groups, autonomous self-pollination in R.
schneideriana (Zhang and Li, 2008) and R. debilis (Fan and Li, 2012)
has been observed, differing from the various pollination systems
observed inwestern groups in Nepal, which includes pollination by
short-tongued bumblebees (R. tujimensis) and beetles (R. alpina), as
well as long-tongued flies (R. purpurea) (Paudel et al., 2017; 2019).

The reverse transition, from long to short corolla tubes, and the
concomitant shift to pollination by short-tongued pollinators,
seems to be very rare or absent in Roscoea. In the present study, we
wish to understand the maintenance of long corolla tubes in re-
gions apparently lacking long-tongued pollinators. We calculate
coefficients of variation (CV) in floral traits to see if the corolla-tube
lengthmight bemore variable than other floral traits in the absence
of selection by long-tongued pollinators (see P�erez-Barrales et al.,
2007).

Our initial field surveys of Roscoea species in the eastern
Himalayas showed four unusual features about the flowers. (1) The
lower portion of the corolla tube is largely fused with the style,
precluding accumulation of nectar (were there any) in this region,
making the length of corolla tube from outside appear much longer
than the real corolla-tube depth on the inside; (2) The styles of
some Roscoea species bend or coil within the corolla tube (see
Fig. 1); (3) No effective pollinators were seen over hundreds of
hours of observations in the field populations; (4) The main study
species treated here, R. schneideriana, has nectarless flowers,
despite having corollas with long tubes suggestive of pollination by
long-tongued flies or lepidopterans, providing a rare opportunity to
examine whether the degree of the style curvature is related to the
corolla-tube length.

2. Materials and methods

2.1. Study species

Roscoea (Zingiberaceae) comprises 18 species and is the only
genus in the Zingiberaceae occurring at high elevation. They are
found along the Himalayas from Kashmir in the west, to Southwest
China in the east (Cowley, 1982; Ngamriabsakul et al., 2000). After
the early uplift of the Himalayas and rapid extrusion of Indochina in
Middle to late Quaternary, the Himalayan Grand Canyon has
become a natural barrier dividing Roscoea species into two distinct
Himalayan and Chinese clades, with six species in the western re-
gion and 12 species in eastern region (Ngamriabsakul et al., 2000;
Zhao et al., 2016). Roscoea species are perennial herbs with orchid-
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like hermaphroditic flowers. Each flower has three petals (usually
pink) outside, two lateral staminodes, one labellum, a long style
and one anther included in a tubular calyx and a long corolla tube
as in other members of the Zingiberaceae. The lower part of corolla
tubes of Roscoea species is enclosed inwhite calyx and covered by a
sheathing bract (Fig. 1). We investigated R. schneideriana in three
sites: Sicun (3320 m a.s.l., 27�800N, 99�800E), Shangri-La/Zhongdian
(3268m a.s.l., 27�900N, 99�640E), and Lijiang (2605m a.s.l., 27�010N,
100�190E), northwestern Yunnan Province, Southwest China.

2.2. Measurements of traits and CVs

Six traits in Roscoea schneideriana were measured with digital
calipers (0.01mm precision) or a rule (1 mm precision). These traits
were plant height, corolla-tube length, corolla-tube depth, con-
stricted corolla-tube length, style length and stigma height (Fig. 1).
To estimate relative distance to accessible nectar (if any), the ratio
of corolla-tube depth to corolla tube-length was calculated for each
flower. To gain insight into possible stabilizing selection (or lack
thereof) mediated by pollinators, we calculated for each floral trait
coefficients of variation (CV) as the standard deviation divided by
the mean.

2.3. Evaluation of style coiling in Roscoea schneideriana

Different from straight or bowed styles in most Roscoea species,
the style in R. schneideriana is compressed into coils, the curvature
beingmost obvious in the upper portion (Fig. 1C). To investigate the
covariation of style coiling with corolla tube length, we measured
one fresh flower from each of 66, 50 and 45 individuals from
Lijiang, Shangri-La and Sicun populations, respectively. We defined
a style coiling index, which was calculated as Coiling ratio ¼ Style
length/Stigma height. In a total of 161 (66 þ 50 þ 45) flowers, we
measured the vertical length of the styles both in the curled state
(i.e., stigma height) and restored straight state (i.e., style length).

To assess whether style coiling was related to corolla-tube
length, we subjected the data to generalized linear modelling,
where the coiling ratio was the dependent variable (assumed to
have a reasonably normal distribution), source population was a
fixed factor, and corolla-tube length was a covariate. All statistics
were performed in SPSS 21.0 or SPSS 26 (IBM Inc., New York, USA).

3. Results

3.1. Variation of traits

Of the six traits measured, plant height varied the most
(CV¼ 0.338) and style length varied the least (CV¼ 0.078) (Table 1).
Corolla-tube length (0.134) was much more variable than style
length (0.078), suggesting different selective factors (or genetic-
developmental constraints) acting on an ‘outside’ pollinator-
attracting trait and inside post-pollination trait. Corolla tube
depth (CV ¼ 0.156) was less variable than constricted corolla tube
length (0.165), and the CV of the ratios of corolla tube depth/length
was as lowas 0.114, suggesting the distance to access nectar (corolla
tube depth) was under stable selection from pollinators, rather
than the constricted part of the corolla tube (CCT on Fig. 1A), which
may be under the selection of unpredictable sources.

3.2. Style coiling in Roscoea schneideriana

The corolla-tube length varied from 21 to 47 mm in Shangri-La,
from 31 to 42 mm in Sicun, and from 32 to 58 mm in Lijiang pop-
ulations. In the three populations, the style coiling index was not
significantly correlated with corolla-tube length (partial correlation



Fig. 1. Plants and measurements of morphological traits in Roscoea schneideriana. Measurement of plant height of flowering individuals in natural habitat in Shangri-La population
(a); A flowering individual showing its coiling style (b); and measurement of stigma height and the constricted corolla tube, noting the pink top corolla-tubes are hollow (measured
as tube depth, TD) and that white bottom tubes (CCT) are filled by the style, with no room for nectar (c).

Table 1
TheMean± SE (mm) and coefficient in variation (CV) value of seven floral traits in 96
individuals of Roscoea schneideriana.

Traits Mean ± SE (mm) CV

Plant height 126.61 ± 4.37 0.338
Corolla tube length 40.00 ± 0.55 0.134
Corolla tube depth 14.21 ± 0.23 0.156
Constricted corolla tube length 25.78 ± 0.43 0.165
Corolla tube depth/corolla tube length 0.35 ± 0.00 0.114
Stigma height 57.62 ± 0.61 0.104
Style length 64.76 ± 0.52 0.078
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analysis controlling for plant height, Shangri-La: r ¼ -0.051,
p ¼ 0.727, Sicun: r¼ 0.013, p¼ 0.932, Lijiang: r ¼ -0.214, p ¼ 0.087).
However, generalized linear modelling of the pooled data (taking
population and corolla-tube length into account simultaneously)
suggested a weak, but real, negative relationship between coiling
index (0.1532 ± 0.0059, n ¼ 161, Mean ± s.e.) and corolla-tube
length (Fig. 2; AICc of model including corolla-tube length ¼ -
492.17, vs. -490.88 without corolla-tube-length term, and vs. -
488.31 for model including both terms and their interaction). Thus,
in Roscoea schneideriana the degree of style coiling tended to in-
crease as the corolla tubes got shorter (Fig. 2).

The CVs in style length were 0.106 in Shangri-La, 0.062 in Sicun,
and 0.080 in Lijiang, which are all lower than the corresponding
CVs for corolla-tube length (0.170, 0.082, and 0.111, respectively).
These results suggest stronger stabilizing selection on style length
than on corolla-tube length in this species.
Fig. 2. Relationship between corolla tube length and style coiling index in Roscoea
schneideriana. Filled, open and grey dots indicate three populations in Shangri-La,
Sicun, and Lijiang, respectively. Numbers in brackets represent sampled individuals
in that population.
4. Discussion

The lower CVs in the style length than in corolla-tube length
observed in three field populations of Roscoea schneideriana sug-
gest stronger stabilizing selection on style length. Considering the
fact that the flowers lack nectar (Zhang and Li, 2008) and that its
pollinators are yet to be observed, it seems likely that maintenance
of longer styles reflects selection for effective pollen-tube filtering
and thus increased offspring fitness (Moore and Pannell, 2011).

The style length is generally isometric with corolla tube length
with increasingflower size (Wang et al., 2016; Newman and Johnson,
2021). Our field survey in Roscoea schneideriana, however, revealed
750
greater style coiling in flowers with shorter corolla tubes. The coiled
styles of Roscoea speciesmight be regarded as a response to selection
for a reduced corolla-tube depth in the face of stabilizing selection
for long styles. This suggests that style length has lagged other traits
in the evolutionary history of the group; that is, reduction of style
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length has lagged behind reduction of corolla-tube length. The
reason for corolla-tube length not co-evolving with pollinator pro-
boscis length might be some constraining irreversibility (e.g., Dollo’s
law; Gould, 1970). The curvature of styles seems uncommon in
flowering plants but is widespread in Pedicularis (Ju Tang and
Shuang-Quan Huang, unpublished data), a superdiverse genus with
variable corolla tube length, apparently also associated with loss of
long-tongued pollinators (Huang and Fenster 2007).

Phytogeographic studies in Roscoea suggested that long-tongue
pollinators failed to colonize or went extinct in the regions (Zhao
et al., 2016). The absence of long-tongued pollinators in the
eastern Himalayas (Zhang and Li, 2008; Zhang et al., 2011; Fan and
Li, 2012) may have resulted from the historical uplift of the Hima-
layas preventing the dispersal and persistence of the specialized
long-tongued pollinators seen on the south side of the Himalayan
region in Nepal, where long-tongued flies serve as dependable
pollinators of Roscoea species (Paudel et al., 2016). Thus, the
shortening of the effective corolla-tube depth by constriction of the
tube base may be a novel mechanism allowing Roscoea species to
adapt to locally available, short-tongued pollinators, such as bees
and beetles. Combining the fact that the CV in the constricted
corolla tube is much higher than the tube depth, the two parts of
the corolla tube might have been under differential selection. The
low variation in the corolla tube depth (TD), a functional trait for
nectar accessibility by pollinators, may reflect a history of more
stable selection than the constricted corolla tube (CCT; Fig. 1C),
given that its most closely related species (nectar-producing
R. alpina) is insect-pollinated (Paudel et al., 2017).

Considering the fact thatmanyRoscoea species are self-compatible
and/or able to autonomously self-pollinate, and that effective polli-
nators have never been observed (Zhang and Li, 2008; Fan and Li,
2012), it seems likely that the natural pollinators have been lost
over much of the group’s current distribution in the eastern Hima-
layas. Most commonly, we observed western honey bees collecting
pollen fromRoscoeaflowers, although these bees are not native to the
habitat and their collection and storage of pollen in corbiculae may
actually reduce plant reproductive success (Hargreaves et al., 2009).
Clearly,moredetailed studies ofplant reproductivebiology inRoscoea
species in the eastern Himalayas are needed.
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