Results

Response to selection

Gland size differed by 16.49 + 2.05% (mean + SE from here and onwards) and 23.70 +
1.15% between the up and down selected line in the last generation (F4) in Tulum and Tovar,
respectively (Fig. 2). In comparison, seed size differed by 3.53 + 0.80% between the up
selected line (mean seed diameter: 4.31 + 0.02 mm) and the down selected line (4.16 + 0.02
mm) in the Tulum population. In Tovar, seed size differed by 3.38 + 1.03% between the up
selected line (3.36 £ 0.02 mm) and the down selected line (3.24 + 0.03 mm) (Fig. 2). The
slope of the genetic regression of log seed size on log gland size was 0.201 + 0.055% and

0.143 £ 0.044% in Tulum and Tovar, respectively (Fig. 4).

Figure 2. Effect of selection across generations on log gland size (log mm) and log seed size (log mm)
(points at the F4), as mean + 1 SE. Data are grand mean centered at each generation. Sample sizes are
presented in Table A1, Appendix for generation F4 and Table A2, Appendix for the other generations.
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Components of phenotypic variance

The squared coefficient of variation (CV?) was considerably higher for gland size than for
seed size (Table 2). For both traits, a higher proportion of the total variance was generated
within individuals, rather than among. Within-individual CV* of seed size was similar in the
two populations, but CV* was smaller among individuals in Tulum than in Tovar. The CV? of
gland size indicates that, in the Tovar population, variation among-individuals was more

pronounced than in the Tulum population.

Table 2. Squared coefficient of variance (CV?) and percentage of total variance generated among
individuals, among blossoms and within blossoms in seed size, and among individuals and blossoms
in gland size.

Population  Level of variance Seed size Gland size
% % of tot. CcV? % of tot.
variance variance
Among individuals 0.018 20.4 0.22 23.0
Tulum Among blossom 0.040 49.6 0.74 77 .0
Within blossom 0.026 30.0 - -
Sum 0.084 0.96
Among individuals 0.045 43.0 0.32 36.5
Tovar Among blossoms 0.038 36.9 0.56 63.5
Within blossom 0.021 20.1 - -
Sum 0.104 0.88
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Within-individual environmental regression

Within individuals, seed size increased by 0.053 + 0.02 %, and 0.01 £ 0.03% per percentage
increase in gland size in Tulum and Tovar, respectively (Fig. 3). These regression slopes
were shallower than the genetic regressions, indicating that within plant environmental

variation has a very weak effect on correlation between gland size and seed size.

Tulum Tovar
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Figure 3. Effect of gland size (log mm) on average seed size (log mm) across blossoms, centered on
individual mean with standard errors. n = 102 blossoms for Tulum and n = 81 blossoms for Tovar.
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Phenotypic regression across individuals

Across individuals in all generations and lines, seed size increased by 0.132 + 0.04% SE and
0.142 £ 0.04% per percent increase in gland size for Tulum and Tovar, respectively (Fig. 4).
In Tulum, the phenotypic regression across individuals was shallower compared to the
genetic slope, indicating that environmental variation masks the genetic slope. In Tovar, the
slopes of the phenotypic and genetic regressions were similar. The overall positive
relationship between gland size and seed size was also evident within generations, where

most regressions were positive (Fig. 4).
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Figure 4. Effect of log individual average gland size (log mm) on log average seed size (log mm) in
all generations (different colors) of both selection lines (up selected line represented by triangles and
down selected by circles), the phenotypic regression across all individuals (black line), and the genetic
regression (blue line) derived from the correlated and direct response to selection in F4. Sample sizes
are presented in Table A2, Appendix.
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Discussion

In this study, I tested whether seed size is phenotypically and/or genetically correlated with
blossom size in Dalechampia scandens. After 4 episodes of selection for larger and smaller
gland, this character differed by 16% and 23% between up and down selected lines in Tulum
and Tovar, respectively. Although this selection generated some correlated response on the
whole blossom size (Albertsen, unpublished data), the correlated response of seed size caused
a difference of about 3% between the selection lines in both populations. Thus, an increase in
gland size of one percent due to selection corresponded to an increase of 0.2% and 0.142% in
seed size in Tulum and Tovar, respectively. In Tulum, there was a weak effect of gland size
on seed size within individuals, although the effect size was small (0.05 + .02 %), while in
Tovar, I found no within-individual effect. Individuals that produced larger blossoms also
produced larger seeds, and the slopes of the phenotypic regressions across individuals were
weaker or the same as the slopes of the genetic regressions, for Tulum and Tovar

respectively. Also, seed size varied considerably less than blossom size.

Due to the trade off between seed size and number, selection on seed size may alter the
number of seeds produced. In the only previous study I know of looking at the response in
seed size to selection on blossom size (pollinator attracting trait), they found a negative
genetic correlation between petal and seed size (Lehtild & Holmn Briann 2007). However,
large blossoms produced more seeds, and the total seed mass a plant produced remained
constant. Dalechampia scandens produces a constant number of nine seeds, so that the trade-
off is therefore not present at the level of the blossom. Nevertheless, selection could
potentially change the total number of seeds a plant produces. This study is among the first to

find correlation between seed size and blossom size.

The slopes of the genetic regressions were considerably steeper than the environmental
slopes. This strongly suggests that covariation between blossom size and seed size have an
very small role in explaining the within-individual variation in seed size, despite that a high
proportion of the total variation in seed size is generated at this level. Because the experiment
was performed in uniform greenhouse conditions, we expect that variation among individuals
should mainly be due to genetic variation. While the slope of the genetic regression was
steeper than the phenotypic regression in Tulum, the slopes were similar in Tovar. One

explanation for this difference between the two populations could be that blossom size varied
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more within individuals in Tulum (CV® = 0.75%) than in Tovar (CV*> = 0.56%). High
variation due to environmental effects may mask genetic correlation and generate shallower
phenotypic regression across individuals (Cheverud 1988; Waitt & Levin 1998). Because of
the high within-individual variation in Tulum, more blossoms would need to be measured to
get a more precise estimate of the breeding value of individuals and therefore a proper

estimate of the genetic regression slope, compared to Tovar.

Seed size and blossom size are likely to be under different selection pressures, and thus to be
decoupled. While blossom size is often under varying selection pressures depending on
pollinator abundance (Schemske & Horvitz 1989), seed size optimum should be temporally
constant (McGinley et al. 1987). The floral traits involved in pollen exchange are
functionally integrated (Armbruster et al. 2014), and are expected to be under common
selection by pollinators (Armbruster et al. 2005; Bolstad et al. 2010; Pélabon et al. 2012;
Pérez-Barrales et al. 2013). On the other hand, a variety of factors are found to affect
optimum seed size, including advantages of large seeds when seedlings grow in an
environment with high competition, shading or nutrient deprivation (Leishman & Wright
2000), while seed predators may cause selection for smaller seeds (Gémez & Husband 2004;
Fricke & Wright 2016). Under these circumstances, genetic correlations may represent an
adaptive constraint. Decoupling of the traits will allow seed size and blossom size to evolve
independently of each other when different selection pressures work on the traits in different
directions. If seed size is under strong stabilizing selection around the optimum, seed size
needs to be decoupled from blossom size in order to achieve canalization. The correlated
response of seed size to selection on blossom size found in this study indicates that some of
the same genes controlling for blossom size are also involved in seed size regulation.
However, the response was low and the genetic correlation between seed size and blossom
size may not strongly constrain the independent evolution of both traits. Because of the low
effect size, even in uniform greenhouse conditions, it is likely that environmental effects in
nature will mask the shallow genetic correlation. Therefore, there may not be selection for

further decoupling of the traits.

Alternatively, pleiotropic effect may have been selected for. Although the genetic correlation
may be of no biological significance within populations under “normal” selection pressures, a
population undergoing large changes in one of the traits, requires the traits to be correlated

(for functional reasons). So a blossom of a certain size can produce seeds of a certain size
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range, but this correlation is not important in the limited range of phenotypes within
populations, while it becomes important when selection causes the population to go over to a
new range of phenotypes. This would be the case in for example speciation, which would be
in agreement with Primack’s hypothesis, where seed size and blossom size should correlate

across species (Primack 1987).

The genetic regression of seed size on gland size was shallow compared to the genetic
regression of bract size on gland size (data from Bolstad et al. (2014)), where the slope was
0.66 % and 0.48 in Tulum and Tovar, respectively. Seed size varied little compared to the
floral traits, having a very low CV? compared gland size, and to CV*reported on bract size
and style length by Pélabon et al. (2011). Between-population crosses performed on D.
scandens showed that size of hybrid seeds differed little from the average seed size of the
maternal population, supporting that seed size is a genetically canalized and highly

maternally controlled trait (Raunsgard 2017).

Although seed size responded slightly to selection on gland area, the genetic and phenotypic
regressions are shallow. I therefore conclude that these traits are decoupled, which suggests
that Primack’s hypothesis may be limited to among population correlations, and not within.
The proportionally small change in seed size in response to a change in blossom size, in
addition to the low variance in seed size compared to the size of floral structures, suggest that

seed size is a genetically canalized trait.
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Appendix

Table A1. Mean # SE seed diameter (mm) and mean gland size (V(GA) in mm) in the up and

down selected lines in the last generation (F4), with sample size (number of seeds and glands,
and how many individuals they are from).

Pop. Line Meanseeddm. No. No.of MeanV(GA) No. No.
+ SE (mm) ind. seeds =£SE (mm) ind.  glands
Tulum Up 4.30+0.010 30 267 553+£0.062 40 58
Down 4.16 +0.007 30 266 4.68 +0.066 36 58
Tovar Up 3.36 £ 0.009 31 276 454+0.025 84 251
Down  3.24 +0.008 27 234 3.594+£0.024 80 239

Table A2. Mean + SE gland size (V(GA)) + SE (mm) in each generation (gen.) and selection line with
number of individuals and glands measured and mean = SE gland size (\/(GA)) (mm) and seed size

(mm) among only the selected individuals (Sel. Ind.) in each generation and selection line, with
number of individuals and number of seeds measured.

Sel. Ind. Sel. Ind.
Gen. Pop.  Line E/rfffn‘é) +SE E‘é NlZn 4 VGA):SE  Seed dm = E‘é No‘d
. glands (mm) SE (mm) . seeds
Up 505+0067 417+0013 16 136
b Tulum oy 23520029100 400 488+0.044 4.06+0016 16 132
Up 477+0043 32240009 16 137
Tovar — p wn 43020015 178 703 3.92+0.040 331+0011 16 133
Tulum UP 543+0.035 68 204 587+0.031 4.14+0017 16 143
. Down 5.06+0.034 68 204 471+0051 4.01+0012 16 144
Tovar  UP 4.41+0.027 64 208 471+0022 330+0010 16 144
Down 3.99+0.025 64 209 37240027 3.19+0011 16 143
Tuium UP 534+0.043 63 184 580+0.060 423+0018 16 142
o WU hown 4.75+0.041 58 171 431+0.042 4.14+0013 16 142
Tovar  UP 455+0031 59 171 489+0.023 336+0010 16 116
V&l Down  3.90+£0.027 65 193 3.62+0018 3.17+0014 16 109
Tulum UP 512+0.035 65 195 55240033 4.16+0013 15 118
. Down 435+0.035 64 190 3.94+0.052 3.90+0012 17 136
Tovar  UP 4.61+0.028 64 192 4.89+0.045 328+0013 17 139
Down 3.83+0.029 61 180 350+0.034 3.14+0012 16 131
Tulum UP 560+0.048 59 174
. Down 4.75+0.041 58 162
Tovar  UP 472+0041 58 158
Down 3.84+0.029 64 185
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