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SUMMARY

The major lineages of nectar-feeding birds (hummingbirds, sunbirds, honey-
eaters, flowerpiercers, and lorikeets) are considered examples of convergent
evolution. We compared sucrose digestion capacity and sucrase enzymatic activ-
ity per unit intestinal surface area among 50 avian species from the New World,
Africa, and Australia, including 20 nectarivores. With some exceptions, nectari-
vores had smaller intestinal surfaces, higher sucrose hydrolysis capacity, and
greater sucrase activity per unit intestinal area. Convergence analysis showed
high values for sucrose hydrolysis and sucrase activity per unit intestinal surface
area in specialist nectarivores, matching the high proportion of sucrose in the
nectar of the plants they pollinate. Plants pollinated by generalist nectar-feeding
birds in the Old and New Worlds secrete nectar in which glucose and fructose are
the dominant sugars. Matching intestinal enzyme activity in birds and nectar
composition in flowers appears to be an example of convergent coevolution be-
tween plants and pollinators on an intercontinental scale.

INTRODUCTION

Three major lineages of extant birds have evolved independently as nectar-feeding specialists: humming-
birds (Trochilidae), sunbirds (Nectariniidae), and honeyeaters (Meliphagidae; Cronk and Ojeda 2008;
Fleming and Kress 2013). In addition, there are specialized nectarivores scattered among other avian
taxa, including lorikeets (Loriinae within the parrots, Psittacidae), white-eyes (Zosteropidae), Hawaiian hon-
eycreepers (Fringillidae), the recently extinct Hawaiian family Mohoidae (Fleischer et al., 2008), and
Neotropical flowerpiercers (Diglossa spp., Thraupidae; Fleming and Kress 2013).

Nectarivores must cope with a watery diet rich in sugars but poor in protein and electrolytes (Nicolson and
Fleming 2003). After nectar is ingested, the sugars in it must be digested and absorbed and, if not used to
directly fuel metabolism, synthesized into lipids (Suarez et al., 2011). The prodigious amounts of water in-
gested must also be processed (McWhorter et al., 2003). The challenges posed by a nectar diet raise the
question of whether different lineages of nectarivores have converged in morphological and physiological
traits (Nicolson and Fleming 2014).

Here, we focus on one of these potentially convergent traits: sucrose digestion rate at the brush-border
membrane of intestinal cells. To be assimilated, the disaccharide sucrose must be hydrolyzed into its
monosaccharide components glucose and fructose by a membrane-bound intestinal a-glucosidase
enzyme called sucrase-isomaltase (henceforth “sucrase,” Brun et al., 2020a). The capacity to digest sucrose,
defined as the rate at which the whole intestine hydrolyses sucrose, limits maximal food intake in humming-
birds (McWhorter and Martinez del Rio, 2000). Even so, the capacity of hummingbirds to digest sucrose is
greater than that measured in other birds (Schondube and Martinez del Rio, 2004). Sucrase activity appears
to be absent in a large monophyletic clade of birds that includes starlings (Sturnidae), thrushes (Turdidae),
and mockingbirds (Mimidae; Cibois and Cracraft 2004), and these birds are unable to assimilate sucrose
(Martinez del Rio 1990b).

Sucrose assimilation efficiency is high in specialized nectarivores: they assimilate all or almost all the su-
crose that they ingest (Napier et al., 2013). However, to our knowledge, the sucrose digestive capacity
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Figure 1. Geographical distribution of the three major clades of nectar-feeding birds and sucrose content in
nectar

(A) Nectarivory in extant birds evolved independently in the Old and New Worlds. Hummingbirds are found exclusively in
the Americas, whereas sunbirds are found in Africa, Southern Asia, and Australasia. Honeyeaters are found exclusively in
Australasia.

(B) The relative content of the disaccharide sucrose is higher in plants pollinated by bird nectarivores than in those
pollinated by nonspecialized birds (data from Johnson and Nicolson 2008). Data are represented as mean + SEM.

of sunbirds and honeyeaters has not been compared with that of other birds. Cinnamon-bellied flower-
piercers (Diglossa baritula) specialize in robbing nectar from hummingbird flowers but have sucrose diges-
tion capacities that are lower than those of hummingbirds and similar to those of omnivorous songbirds
(Schondube and Martinez del Rio, 2004). Specialized nectarivory thus appears not to be necessarily asso-
ciated with a high capacity to digest sucrose and the digestive abilities of hummingbirds may be unique.
Alternatively, perhaps other specialized passerine avian nectarivores, such as honeyeaters and sunbirds,
have converged with hummingbirds in the capacity to digest sucrose rapidly and efficiently.

Although sucrose, glucose, and fructose are all present in the nectar of ornithophilous flowers, sucrose is
predominant in those visited by nectar-feeding specialists (Johnson and Nicolson 2008). This is a pattern
that was first documented in the New World between hummingbirds and the plants that they pollinate
(Baker and Baker 1982) but that was later extended to plants pollinated by sunbirds and honeyeaters in Af-
rica and Australia (Johnson and Nicolson 2008; Nicolson and Fleming 2003). Different plant lineages on
different continents, pollinated by independently evolved specialized nectar-feeding birds, appear to
have converged in nectar sugar composition (Figure 1).

Because plants pollinated by nectar-feeding specialist birds secrete sucrose-rich nectar, we hypothesized

that the capacity of these birds to digest sucrose (which we call sucrase activity) would be higher than that of
non-nectarivores and birds that feed on nectar only facultatively. This hypothesis is a corollary of Diamond's

2 iScience 24, 102717, July 23, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

Sucrase/Area
(umol/(min-cm?2))
0 2 4 6
I I I I

us rufus
Selasphorus platycercus
Archilochus alexandri
Archilochus colubris
Eugenes fulgens
Lampornis clemenciae
Amazilia rutila
Hylocharis leucotis
Cynanthus latirostris
Chlorostilbon canivetii
Colibri thalassinus
Passer domesticus
Vermivora ruficapilla
Vermivora celata
Dendroica coronata
Dendroica pinus
1 Icteria virens
Zonotrichia capensis
Cacicus melanicterus
Quiscalus mexicanus
Molothrus ater
Agelaius phoeniceus
Icterus pustulatus
Icterus spurius
— Passerina leclancherii

| Diglossa baritula
F Saltator coerulescens
Diuca diuca

Chalcomitra amethystina
—lE Cynnyris osea
Cynnyris talatala

Bombycilla cedrorum

O Hummingbirds

80
(@]

8§

(@]
O

OO
(@)

Flowerpiercers

@)

RO Sunbirds
O

O

Anthochaera carunculata |
Lichenostomus virescens |
Phylidonyris novaehollandiae
Lichmera indistincta 1
Empidonax difficilis I
rI.E Myiozetetes similis 1
1

Honeyeaters

Pitangus sulphurat
L Phytotoma rara

[ I

O Plant-cutters
Lorikeets

Figure 2. Species included in this study and their sucrose activity per unit area

Hummingbirds, honeyeaters, and sunbirds have greater sucrase activity per unit intestinal surface area than other birds.
Cinnamon-bellied flowerpiercers (Diglossa baritula) and rainbow lorikeets (Trichoglossus haematodus) have values
similar to those of birds not specialized on nectar as a food source. Rufous-tailed plantcutters (Phytotoma rara) had
extraordinarily high sucrase activity per unit intestinal area. The phylogenetic hypothesis was trimmed from Jetz et al.
(2012). Data are represented as mean + SEM.

See also Table S1.

(2002) quantitative design hypothesis that poses that physiological capacities such as the capacity to digest
sucrose should match sucrose-ingested loads. Because nectar-feeding evolved independently in hum-
mingbirds (Trochilidae), sunbirds (Nectarinidae), honeyeaters (Meliphagidae), flowerpiercers (genus Di-
glossa, Thaupidae), and lorikeets (Loriinae), we hypothesized and quantified convergence in this trait
among these taxa.

We compared sucrase activity and intestinal surface area among species using new measurements on sun-
birds, honeyeaters, and lorikeets and previously published data on hummingbirds and a variety of other
birds, including insectivores, granivores, frugivores, and omnivores that include a variety of food types (Fig-
ure 2, Table S1; Del Hoyo et al., 2013). We included 20 species of putative nectarivores (11 hummingbirds, 3
sunbirds, 4 honeyeaters, 1 parrot, and 1 flowerpiercer), a single folivore (Phytotoma rara), and 29 species
considered omnivores but including differing amounts of plant and animal sources in their diets (from
the strictly insectivorous such as Empidonax difficilis to omnivorous Sturnus vulgaris).

RESULTS AND DISCUSSION
Intestinal surface area and capacity to digest sucrose

We found that intestinal surface area increased as an allometric function of body mass and was lower
in nectar-feeding birds than in other birds (Figure 3A). As per the best supported model (Model &/,

iScience 24, 102717, July 23, 2021 3



¢? CellPress

OPEN ACCESS

A

16

1.41r
o
g 12F [ ] Hummingbirds
= Honeyeaters
8 1of v
@ ® Sunbirds
© 0.8F
c 0] Other Passerines
‘.(;; 0 6 -
[0] . (@] Starlings and allies
<
% 041 [ J Flower Piercer
o
- 02k Lorikeet

0.0 !

B 25
c
— 20 -
£
=
Qo
Q 15F
IS
a3
@ 10t
[
=
.g 05
>
<
8 oot
&
g —05F o) Empidonax difficilis
=
[o))
(o]
— _1 O 1 1 1 1 1
0.5 1.0 1.5 2.0 25

Log(mass), grams

Figure 3. Allometric relationships between intestinal surface area and sucrose hydrolysis capacity among nectar-
feeding birds and other bird groups

(A) Intestinal surface area (SA) increased allometrically with body mass with an exponent equal to 0.74 + 0.03 (P =0.96).
Specialized nectarivores (heavy line, log(SA) = 0.01 + 0.73-log(mb)) had lower intestinal surface area than other birds (thin
line, log(SA) = 0.42 + 0.73-log(mb)). Lines represent best-fit regression lines to those two groups.

(B) The capacity to hydrolyze sucrose (SH) increased allometrically with body mass (exponent = 0.78 + 0.12) but differed
among bird groups. Hummingbirds (dashed line, log(SH)hummingbirds = 0.35 + 0.78-log(mb)) had higher capacities than
honeyeaters and sunbirds (heavy line, SHhoneyeaters and sunbirds = 0.08 + 0.78 log(mb)). Both nectarivore groups had higher
capacities than other birds (thin line, SHeother = —0.34 + 0.78 log(mb)). In the “other bird” group, there were three notable
outliers: rufous-tailed plantcutters (Phytotoma rara) and orchard orioles (Icterus spurius) which had exceptionally high
sucrose hydrolysis capacity and the insectivorous pacific-slope flycatcher (Empidonax difficilis) with low capacity.

F2,42 = 261.6, p < 0.0001), nectar-feeding birds had intestinal areas that were on average 28% smaller. A
second model that included hummingbirds as a separate category from the nectarivorous passerines was
also strongly supported (AAIC = 1.19), with hummingbirds having higher surface areas than honeyeaters
and sunbirds. A comparison of phylogenetic generalized linear models supported these results with Model
6’ being best supported and Model 3’ receiving similar support (AAICc = 1.47).

The capacity to hydrolyze sucrose also scaled positively with body mass (Figure 3B). The best supported
model distinguished hummingbirds from honeyeaters and sunbirds and these taxa again from other
birds (Model 7/, F3,36 = 15.20, p < 0.007; r2 = 0.57). It described the capacity to digest sucrose as being
~1.8 times greater in hummingbirds than in honeyeaters and sunbirds and ~5 times greater in humming-
birds than in other birds. Sucrose hydrolysis capacity was 2.7 times greater in honeyeaters and sunbirds
than in “other” taxa. However, because of overlap in sucrose digestion capacity between hummingbirds
and honeyeaters and sunbirds, the model that grouped hummingbirds with sunbirds and honeyeaters
was also well supported (Model 8, AAICc = 1.18). The best-supported phylogenetically explicit model
included nectarivores (hummingbirds, honeyeaters, and sunbirds) in a single category with high sucrose
hydrolysis capacity, and all other taxa in another with lower capacity (Model 8'). The phylogenetically
explicit model distinguishing hummingbirds separately had similar support (Model 7/, AAICc = 0.35).
Together, these results suggest that sucrose digestion capacity is higher in nectar-feeding birds than
in other birds.
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The best model describing sucrase activity per unit intestinal area (Model 7, F2, 43 = 38.03, p < 0.0001) indicated
that hummingbirds had greater sucrase activity (3.2 + 0.24 umole/[min- cm?]) than other specialized nectarivores
(2.4 + 0.30 pmole/[min-cm?]), which had greater sucrase activities than all other birds (0.62 + 0.24 umole/
[min-cm?], Figure 2). A second model that grouped all the “nectarivorous lineages” (i.e., hummingbirds, honey-
eaters, and sunbirds) was also substantially supported (Model 8, AAICc = 1.6). The results of phylogenetic ana-
lyses indicated that nectar-feeding birds had higher sucrase activity per unit intestinal surface area (Model 8), but
did not support a distinction between hummingbirds and other specialized nectarivores (AAICc >2). Sucrase ac-
tivity per unit intestinal surface area appears to be higher in nectarivores than in other birds.

The high capacity of nectarivores to digest sucrose was owing, at least in part, to high expression of sucrase
activity per unit intestinal surface area. High sucrase activities per unit intestinal surface area more than
compensate for the reduced intestinal surface area and length that has been repeatedly documented in
nectar-feeding birds (Richardson and Wooller, 1986; Wooller and Richardson 1988). Sucrase activity is
owing to the action of a membrane-bound alpha-glucosidase enzyme called sucrase-isomaltase (coded
by the Sl gene) and expressed in the apical membrane of intestinal cells (called the brush-border mem-
brane, Brun et al., 2020a). Recently developed methods in proteomics allow quantifying the abundance
of different digestive enzymes in the brush-border membrane (Brun et al.,, 2020b). These proteomics
methods have revealed that in the muscicapoid lineage (predominantly insectivorous) that includes star-
lings, thrushes, and mockingbirds, sucrase is present (Brun et al., 2020a) but has lost the ability to hydrolyze
sucrose (Martinez del Rio, 1990b). In this light, we hypothesized that the abundance of the sucrose-isomal-
tase protein in the intestinal brush-border membrane is higher in nectarivorous birds than in other birds.

In some digestive enzymes, such as salivary amylase, increased expression is a consequence of increased
gene dosage (Pajic et al., 2019). In the two annotated hummingbird genomes available, one species, Ca-
lypte anna, has two copies of the sucrase-isomaltase gene, whereas the other species, Oreotrochilus mel-
anogaster, has only one, as do the genomes of almost all other bird species that we examined (Table S2).
The availability of more well-annotated genomes, as well as of transcriptomic data for the gastrointestinal
tract of nectar-feeding birds, will allow quantifying sucrase-isomaltase gene copy number and expression.

Although the abundance of sucrase in the intestinal brush-border is likely an important contributor to the
capacity to hydrolyze sucrose, it might not be the only factor that leads to higher sucrase capacity in nectar-
feeding birds. Unlike mammals that have two discrete alpha-glucosidases with distinct, but partially over-
lapping, substrate specificities (Brun et al., 2020a), the birds that we studied have sucrose-isomaltase as the
sole intestinal enzyme capable of hydrolyzing sucrose, maltose and isomaltose. We found that maltose hy-
drolysis capacity scaled positively with body mass (F2,38 = 53.46, p < 0.0001, Figure 4A). Birds in the mus-
cicapoid lineage had maltase activities per unit area (1.98 %+ 0.28 umole/[min -cm?)) that were only about a
third of those found in other birds (7.33 + 0.76 umole/[min-cm?], Model 9, F1,41 = 11.5, p <0.001). The ratio
of sucrase to maltase activity of the sucrose-isomaltase enzyme in hummingbirds (0.49 + 0.018) is higher
than that in other birds (0.22 + 0.022, Model 7, F2, 43 = 128.24, p < 0.001, Figure 4B), but the molecular
bases for this difference are unknown. In addition, the catalytic capacities of an enzyme are the result of
the combined effect of enzyme “concentration” (which, in the case of sucrase, is related to its abundance
in the membrane) and the enzyme's turnover number (quantified by k., values, Davidi et al., 2016), neither
of which has been compared among different bird groups. The biochemical and molecular bases that un-
derlie convergence in sucrose digestion capacity among nectar-feeding birds remain to be explored.

The high sucrase activity of nectar-feeding birds may have two nonexclusive explanations: 1) constitutively high
expression of sucrase reflects a greater capacity to digest sucrose, because of high levels of sucrose intake in their
natural diet and 2) high sucrase activity results from acclimation to a high-sucrose diet in captivity. However, di-
saccharidases are largely unresponsive to changes in diet in birds (Caviedes-Vidal et al., 2000). The adaptive mod-
ulation hypothesis, which poses that digestive traits should be increased by increased levels of their substrates
(Karasov 1992), does not seem to apply for adult birds and sugar-digesting enzymes. In birds that modulate disac-
charidase activities in response to diet changes (e.g., growing sparrows and chickens, Gatica-Sosa et al., 2015), the
magnitude of this effect is smaller than the differences observed in this study. In addition, we included both spe-
cies sampled immediately after trapping in the wild and species maintained in captivity on sucrose-rich diets. Our
data do not suggest any differences in sucrase activity attributable to artificial diets. Although changes in enzyme
expression or activity subsequent to a high-sucrose diet in captivity cannot be ruled out completely, this is an un-
likely explanation for our results.
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Figure 4. Maltose hydrolysis capacity as a function of body mass and ratio of sucrase to maltase activity for species included in this study

(A) The capacity to hydrolyze maltose (MH) increased allometrically with body mass (r2 = 0.74, exponent = 0.83 £ 0.09), but differed among bird groups with
starlings and allies having lower capacity (thin line, MH = 0.009 + 0.83log(mb)) than other birds (heavy line, MH = 0.62 + 0.83log(mb)).

(B) Hummingbirds, honeyeaters, and sunbirds have greater sucrose activity per unit intestinal surface area and greater sucrase/maltase activities ratios than
other birds. Hummingbirds had greater sucrase/maltase ratios than other nectar feeders, which had greater sucrase/maltase ratios than “other-starlings and

their allies” taxa. Horizontal bars represent means for each group. Data are represented as mean + SEM.

Our observations imply that hummingbirds, sunbirds, and honeyeaters have converged in traits that facil-
itate the digestion of sucrose. For this reason, we identified them as focal taxa in the estimation of strength
of convergence Wheatsheaf indices (Arbuckle et al., 2014). Surprisingly, the flowerpiercer and rainbow lori-
keet appear not to share these traits, so we excluded them as focal species. All hummingbirds, sunbirds,
and three of the four honeyeaters (all except Lophocampa indistincta) coalesced in distinct clusters char-
acterized by high sucrase capacity (Figure 5). These clusters also included the orchard oriole (Icterus
spurius) and the folivorous rufous-tailed plantcutter (Phytotoma rara). Wheatsheaf indices indicated
strong convergence in sucrose digestion capacity among hummingbirds, sunbirds, and most honeyeaters
(w=3.92 + 0.30 95% Cl).

In sum, several complementary analyses support our hypotheses that hummingbirds, sunbirds, and some,
albeit not all, honeyeaters converged in having high sucrose hydrolysis capacity. This convergence appears
to be a consequence of high sucrase activity per unit intestinal surface area. Greater sucrase activity per unit
area appears to be shared by nectarivores, and this trait likely contributes to the ability to ingest and effi-
ciently assimilate higher quantities of the sucrose-rich nectar secreted by the plants that they pollinate
(Napier et al.,, 2013). It also supports the intriguing idea that the high nectar sucrose concentration of
many flowers pollinated by hummingbirds, sunbirds, and honeyeaters, which independently evolved on
different continents, evolved in parallel with the ability of these birds to assimilate sucrose efficiently
and rapidly.

Although we found strong support for convergent evolution in nectarivores, we also found exceptions that
reveal evolutionary lability in the expression of avian sucrase. Three species of putative nectarivores, brown
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Sucrose Hydrolysis Capacity
w=3.92 +0.30

Figure 5. Tanglegram joining species in the phylogenetic tree (left) with a phenetic tree (right) constructed using
hierarchical cluster analysis on the residuals of log(sucrose hydrolysis capacity) and log(mb)

The analysis defined three distinct clusters: (1) a high hydrolytic capacity cluster (blue block on the phenetic tree on the
right-hand side) that includes (1a) all hummingbirds (11 species; yellow block on the phylogenetic tree on the left-hand
side), (1b) all sunbirds (3 species; orange), and (1c) honeyeaters (3 species, except Lichmera indistincta; brown). (2) A
cluster for starlings and their allies, which have no sucrase activity, indicated by a gray block. (3) An intermediate capacity
cluster that included all other species, as well as included the putative specialized nectarivores L. indistincta, Diglossa
baritula, and Trichoglossus haematodus, joined by the strict insectivore Empidonax difficilis. Black lines identify putative
specialized nectarivores, whereas dashed ones identify those that were outside of the high capacity cluster. Non-
nectarivores are identified by gray lines. Note that two putative non-nectarivores (Phytotoma rara and Icterus spurius,
dashed gray lines) were included in the high capacity cluster. Wheatsheaf (w + 95% Cl) indices estimated strong
convergence among hummingbirds, sunbirds, and honeyeaters (except L. indistincta) in sucrose hydrolysis capacity.

honeyeaters (L. indistincta), rainbow lorikeets (Trichoglossus haematodus), and cinnamon-bellied flower-
piercers (D. baritula), had relatively low intestinal sucrase capacities and low sucrase per unit of intestinal
surface area, whereas orchard orioles (I. spurius) and rufous-tailed plantcutters (P. rara) had high sucrase
capacities and high sucrase activity per unit intestinal surface area. The low sucrose hydrolysis capacity
of wild-caught L. indistincta is surprising because this species is considered highly reliant on nectar
(Pyke 1980). The differences in this trait between L. indistincta and its close relative Phylidonyris novaehol-
landiae (Gardner et al., 2010) are difficult to explain. The morphology of nectar-feeding lorikeets suggests
adaptations to a nectar-and-pollen diet (Schweizer et al., 2014). However, lorikeets appear to feed primarily
on the open flowers of Eucalyptus spp. whose nectar contains little or no sucrose (Nicolson 1994). The low
sucrose hydrolysis capacity found in D. baritula is perplexing because this species is a nectar-robber of
hummingbird-pollinated flowers with sucrose-rich nectars (Arizmendi 2001). Other Diglossa species have
been documented feeding on insects in addition to nectar (Montenegro et al., 2015).

I. spurius (Icteridae) and P. rara had both high sucrose hydrolysis capacities and high sucrase per intestinal
surface area. |. spurius frequently visit and pollinate flowers, visit hummingbird feeders (commonly contain-
ing sucrose solutions), rob the nectar of hummingbird-pollinated flowers and have been hypothesized to
have coevolved with a large-flowered plant species whose flowers secrete sucrose-rich nectar (Erythrina
fusca, Morton 1979). It thus appears to be a facultative nectar-feeder with traits that have converged
with those of more specialized species. P. rara expressed high sucrose hydrolysis capacity and high sucrase
per unit surface area. The three species in the genus Phytotoma are among the very few almost completely
leaf- and bud-eating passerines (Lopez-Calleja and Bozinovic 2000). It is possible that small avian folivores
such as Phytotoma, with very simple tubular gastrointestinal tracts, very short digesta retention time, and
hence minimal fermentation capacity (traits shared by all species in this study), must rely on very high
expression of sucrase to rapidly and efficiently assimilate sucrose in the cytoplasm of leaf and bud cells
(Meynard et al., 1999).
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Table 1. Nested set of driving variables used to compare among bird groups. Response variables were sucrase and
maltase activity/intestinal area (umole/[min.cm?]), and sucrase/maltase ratios. In analyses of nominal intestinal area
and hydrolysis capacity, response variables were log(hydrolase capacity, mole/min). In generalized linear models
used to construct allometric relationships we included log(mb, g) as a covariate, and in results, we add an
apostrophe to designate these models (e.g., Model x’). None of the models best supported by data included
sunbirds and honeyeaters each as a single category or did they include flower-piercers or lorikeets. Hence, we
grouped the former into “nectarivorous passerines” and the latter with other birds. Some models grouped
hummingbirds, honeyeaters, and sunbirds into “nectarivorous lineages.”

Model Taxonomic classifications tested

1 Hummingbirds (H); Honeyeaters (HE); Sunbirds
(S); Flowerpiercers (FP); Lorikeets (L); Starlings;
Other birds (O).

2 Hummingbirds; nectarivorous passerines

(HE&S); Starlings; Other (O + FP&L).

3 Hummingbirds; nectarivorous passerines
(HE&S); Other (O + FP&L + Starlings).
4 Hummingbirds; All other.

Nectarivorous lineages (H, HE&S); Other (O +
FP&L); Starlings.

6 Nectarivorous lineages (H, HE&S); All other
(O + FP&L + including Starlings).

7 Hummingbirds; Nectarivorous passerines
(HE&S); Other (O + FP&L; no Starlings).

8 Nectarivorous lineages (H, HE&S); All other
(O + FP&L; no Starlings).

9 Starlings; All other (H + HE&S + FP&L + O).

In the New World, hummingbird-pollinated flowers secrete nectar predominantly containing sucrose,
whereas nectars of passerine-pollinated plants by contain primarily the hexoses glucose and fructose
(Martinez del Rio, 1990a). Using a larger sample that included more Old World flowering species and ac-
counting for phylogenetic relationships, Johnson and Nicolson (2008) found that the differences in sugar
composition were not between hummingbird- and passerine-pollinated plants but between plants polli-
nated by specialized nectarivores (i.e., hummingbirds and sunbirds), which produce low volumes of
concentrated nectar with high sucrose content, and those pollinated by birds that feed on nectar occasion-
ally, which secrete dilute hexose-rich nectars. Taking these analyses a step further, Abrahamczyk et al.
(2017) analyzed an enormously large data set of asterid plants (~2100 species in 660 genera and 55 families)
for nectar sugar composition of plants pollinated by either specialized nectarivores or generalists including
insects, bats, and birds. They found an association between sucrose content and degree of pollinator
specialization. Consistent with the earlier analyses, asterid plants pollinated by more specialized nectari-
vores tend to have higher sucrose content. However, Abrahamczyk et al. (2017) concluded that the prefer-
ences or nutritional needs of pollinators only provides a partial explanation for the sugar composition in
nectar, and associations between pollinator type and nectar sugar composition does not necessarily imply
selection of sucrose-containing nectar by specialized pollinators.

Nectar-feeding birds perform equally well on sugar solutions containing sucrose, glucose and fructose mix-
tures, and even solutions containing only glucose or fructose (Martinez del Rio, 1990a; Fleming et al., 2004;
Fleming et al., 2008; Chen and Welch 2014). In addition, it is unlikely that the relatively weak preferences of
specialized nectar feeders for sucrose are the selective drive for the sugar composition of nectar (Martinez
del Rio, 1990a). Higher sucrase activity confers nectar-feeding birds with increased capacity to assimilate
sucrose and is correlated with diet preference (Napier et al., 2013), but does not hinder the assimilation
of glucose and fructose. Nicolson and Fleming (2003) have summarized alternative hypotheses. Our
currently favored hypothesis is that the preferences of facultative nectarivores including starlings and their
allies, many of which avoid sucrose-containing nectars, drives this pattern. Nectar is secreted from sucrose-
rich phloem. Plants that secrete hexose-rich nectars must hydrolyze the phloem’s sucrose with the enzyme
invertase, the plant analog of sucrase (Heil 2011). Pollination by nectar-feeding bird lineages that have

8 iScience 24, 102717, July 23, 2021



iScience

higher sucrose hydrolysis capacity and which are therefore not sucrose-averse or have a weak preference
for sucrose (Nicolson and Fleming 2014), might have led to reduced invertase expression in nectaries
favored by reduced invertase synthesis costs (Martinez del Rio, 1990a).

Although we do not have a complete explanation yet for the association between the secretion of sucrose-
rich nectars in plants and high sucrose digestion capacity in nectar feeding birds, the pattern is clear. This
association is a striking example of convergent evolution in birds that appears to have taken place indepen-
dently across continents. Just as flowers pollinated by specialized nectar-feeding birds converged in nectar
sugar content, so have the birds that feed on them converged in their capacity to digest sucrose. This result
appears to be an example of intercontinental convergent coevolution between flowering plants and the
birds that pollinate them.

Limitations of the study

The inclusion of only one species from two of the putative specialized nectarivore lineages analyzed (flower
piercers: D. baritula, Thraupidae; lorikeets: T. haematodus, Loriinae) limited the inferences made regarding
these lineages. Inclusion of species from other specialist (e.g., Hawaiian honeycreepers, Fringillidae) and
generalist lineages would strengthen the study. In addition, quantifying both enzyme abundance in the
cell membrane and catalytic turnover rate (kcat value, Davidi et al., 2016) would allow a more sophisticated
comparison of enzyme functional capacity among lineages. Finally, the availability of annotated genomes
for more species of specialized nectar-feeding birds, as well as transcriptomic data for the gastrointestinal
tract, will allow comparison of sucrase-isomaltase gene copy number and expression.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

Glucose (GO) Assay Kit Sigma Aldrich GAGO20

Deposited Data

Calypte anna genome NCBI bCalAnn1_v1.p
Oreotrochilus melanogaster genome NCBI ASM1340099v1

Software and Algorithms

Basic Local Alignment Search Tool (BLAST) NCBI https://blast.ncbi.nlm.nih.gov/Blast.cgi

RESOURCE AVAILABILITY
Lead contact

e Further information and requests for resources should be directed to and will be fulfilled by the lead
contact, Todd McWhorter (todd.mcwhorter@adelaide.edu.au).

Materials availability

e This study did not generate new unique reagents.

Data and code availability

e The published article and supplemental information include all data generated and analyzed during
this study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Birds and their maintenance

Rainbow lorikeets (Trichoglossus haematodus) of mixed sex were captured by canon-netting in July 2006
on the grounds of Perth Domestic Airport (Western Australia). Honeyeaters of mixed sex were captured by
mist netting on the grounds of Murdoch University (Perth, Western Australia) in 2007. Singing honeyeaters
(Lichenostomus virescens) and brown honeyeaters (Lichmera indistincta) were euthanized immediately
upon capture. Rainbow lorikeets were held in captivity for >10 months, red wattlebirds (Anthochaera car-
unculata) for five months, and New Holland honeyeaters (Phylidonyris novaehollandiae) for 14 months
before they were euthanized for analysis. During the period of captivity, the birds were fed a maintenance
diet consisting of Wombaroo® powder (main sugar ingredient sucrose, Wombaroo Food Products, Ade-
laide, South Australia) supplemented with additional sucrose (~25% m/m of total dry matter) supplied ad
libitum from inverted, stoppered syringes and water ad libitum. Male Palestine sunbirds (Cinnyris osea)
were captured with drop nets on the grounds of Midreshet Ben-Gurion, home of the Sede Boger Campus
of Ben-Gurion University of the Negev, Israel, in 2000-2001 and were held in captivity and fed an artificial
nectar diet including 18% m/m sucrose, avian vitamin supplement, CaCO3, NaCl, KCI, and corn oil, peri-
odically supplemented with fruit flies (Drosophila sp.) for up to three months before their tissues were
analyzed. White-bellied sunbirds (Cinnyris talatala) and amethyst sunbirds (Chalcomitra amethystina) of
mixed sex were mist-netted at Jan Celliers Park (Pretoria, South Africa) in May 2007 and were euthanized
immediately upon capture. All birds used were adults.

Birds were euthanized by asphyxiation with CO2 (Palestine sunbirds) or halothane or isoflurane overdose
(all other species) and their intestines immediately removed. Intestines were rinsed in chilled 1.02% saline
and divided into three sections of approximately equal length. Each tissue section was slit longitudinally,
unfolded flat, and its length and width were measured to obtain a nominal estimate of surface area. The
tissue was then blotted dry, weighed and stored in liquid N2 or in a freezer at -80°C until analysis.
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Animal use approval

Animal use in this study was approved by the animal ethics committees of Murdoch University (AEC pro-
tocol R1137/05), the University of Arizona (protocol 99-103) and the University of Pretoria (AUCC 060515-
012) as applicable.

METHOD DETAILS
Intestinal enzymatic activity

Intestinal tissues were thawed at 5°C and homogenized (30 s at 24,000 rom, OMNI 5000 homogenizer or
similar) in approximately nine volumes of 350 mmol-L-1 mannitol in 1 mmol-L-1 Hepes/KOH at pH 7.5 (re-
sulting in a concentration of 80-100 mg of intestinal tissue per mL of homogenate). Disaccharidase activ-
ities were measured following the methods reported in studies by Martinez del Rio (1990b) and Schondube
and Martinez del Rio (2004) with slight modifications. In brief, tissue homogenate aliquots of 33 pl previ-
ously diluted with 350 mmol-L-1 mannitol in 1 mmol-L-1 Hepes/KOH were incubated at 40°C with 33 pl
of 56 mmol-L-1 sugar (sucrose or maltose) solutions in 0.1 mol-L-1 maleate/NaOH buffer at pH 6.5. After
10-20 min of incubation, 400 plL of a stop-develop reagent (glucose assay kit GAGOZ20, Sigma-Aldrich, St.
Louis, MO, USA; made up with equal parts of 1.0 mol-L-1 TRIS/HCL at pH 7 and 0.5 mol-L-1 NaH2PO4/
Na2HPO4 at pH 7) was added to each tube which was then incubated at 40°C for a further 30 min. Finally,
400 pL of 12 N H2SO4 was added to each tube to stop the develop reaction, and the absorbance was read
at 540 nm with a spectrophotometer (Spectronic 20 GENESYS, Spectronic Instruments, Rochester, NY, USA
or similar). Disaccharidases in Palestine sunbirds were measured similarly, but after the initial 10- to 20-min-
ute incubation, reactions were arrested by adding 1 mL of a stop/developing Glucose-Trinder reagent (one
bottle of Glucose-Trinder 500 reagent, Sigma-Aldrich, St. Louis, MO, USA; made up with equal parts of 1.0
mol-L-1 TRIS/HCL at pH 7 and 0.5 mol:L-1 NaH2PO4/Na2HPO4 at pH 7). After exactly 15 min at 20°C,
absorbance of the resulting solution was read at 505 nm with a spectrophotometer.

To determine pH optima, we used a 0.1 mol - L-1 maleate/NaOH buffer system for sucrase and maltase with
pH ranging from 5 to 8.5 in 0.5 pH increments with disaccharide concentrations held constant
(56 mmol-L-1). Measurements reported in the results were corrected to optimal pH if this differed from
assay pH (6.5 for disaccharidases) by simply dividing activity at pH optima by relative activity at assay
pH. We standardized enzyme activities by intestine nominal (smooth bore tube) surface area (i.e., pmol --
min-1-cm-2). We used the log10-transformed total summed activity under standardized assay conditions
(umol-min-1).

Determination of sucrase-isomaltase gene copy numbers

We used the whole genomic information of 44 avian species available in the NCBI database to determine
the gene copy numbers for the sucrase-isomaltase (S/) intestinal gene. We examined the gene copy num-
ber of Sl reported in the annotation files (gff) for each bird species. To determine the Sl gene copy number
in the available hummingbird species genomes for Calypte anna (GenBank: bCalAnn1_v1.p) (Korlach et al.,
2017) and Oreotrochilus melanogaster (Genbank: ASM1340099v1) (Feng et al., 2020), we extracted the S/
sequence from each genome and performed a blastn (NCBI-BLAST) (Altschul et al., 1990) search to find
regions of local similarity between the Sl gene and the whole genome assembly (using an e-value =
1*10°8, identity percent > 75% and coverage percent > 90%).

QUANTIFICATION AND STATISTICAL ANALYSIS

Published values for gut nominal (smooth bore tube) surface area, body mass (mb), and summed enzymatic
activities for 11 hummingbird and 31 passerine species measured using similar methods are available from
various sources (Table S1). These were compared with new data collected for eight nectarivorous species:
one Australian lorikeet (Loriidae), four Australian honeyeater (Meliphagidae), and three African/Asian sun-
bird (Nectariniidae) species (Table S1). We analyzed two kinds of dependent variables: those that scale
allometrically with body mass (my, in grams), including nominal intestinal surface area (cm?) and sucrase hy-
drolytic capacity (umole/min), and those that do not scale with body mass (sucrase activity/intestinal area
[umole/min.cm?]). We did both standard statistical analyses and analyses that accounted for phylogenetic
relationships (phylogenetic ANOVA and phylogenetic generalized linear models; Revell 2011). The phylo-
genetic hypothesis in Figure 2 represents species in our analyses and was “pruned” from the global phy-
logeny of birds super tree (Jetz et al., 2012; Rubolini et al., 2015; BirdTree.org). Table 1 lists the discrete
categories that we used in our models. We added log-transformed(mb) as a continuous independent

¢? CellPress

OPEN ACCESS

iScience 24, 102717, July 23, 2021 13



http://BirdTree.org

¢? CellPress

OPEN ACCESS

variable to the discrete variables listed in Table 1 for response variables scaling with body mass. Briefly, in
our most complete model, we categorized birds as belonging to the following groups: hummingbirds,
honeyeaters, sunbirds, flowerpiercers, lorikeets, starlings and their allies, and other birds. We then con-
structed nested subsets of reduced models that pooled groups of birds (Table 1). For example, some
models pooled honeyeaters and sunbirds as “specialized nectarivorous passerines,” whereas others
pooled hummingbirds, honeyeaters, and sunbirds as “specialized lineages.” Because starlings and their
allies lack significant sucrase activity, they were placed in their own category. Finally, because the cate-
gories "lorikeets” and “flowerpiercers’ were never included in the set of best-supported models, these spe-
cies were pooled with other birds. We used AIC values corrected for small sample size (AlCc) to compare
among all the models in Table 1. In result details (supplemental information), we only describe inferences
from models with AAICc < 2 relative to the best-supported model. We used the same model sets for stan-
dard and phylogenetic analyses and present the results of both sets of analyses to assess robustness of our
inferences, that is, similarity of outcomes of models with different assumptions. The values of the statistics
that accompany each model are given in result details. We predicted lower intestinal surface areas in
specialized nectarivores and greater sucrose hydrolysis capacity than in other birds.

To assess convergence in sucrase/area and sucrase/maltase ratios among nectar-feeding groups, we con-
structed “tanglegrams” (Agrawal and Fishbein 2006; Speed and Arbuckle 2017). These match the position
of species within a phylogenetic tree with their position in a phenetic tree that joins species based on a hi-
erarchical cluster analysis of the magnitude of a phenotypic variable. Following Agrawal and Fishbein
(2006), we used Ward's minimum variance method which minimizes the total within cluster variance. Spe-
cies with convergent traits join independently evolved clades in the same clusters defined by phenotypic
similarity (Agrawal and Fishbein 2006). We assessed the strength of convergence in sucrase capacity (esti-
mated as the residuals of the allometric relationship between log(sucrose hydrolysis capacity) and log(mb)),
sucrase/area, and sucrase/maltase ratios with Wheatsheaf indices (Arbuckle et al., 2014). Our analyses sug-
gested convergence only among hummingbirds, sunbirds, and honeyeaters (excluding Lichmera indis-
tincta), and we used these three groups as the foci of strength of convergence calculations. Wheatsheaf
indices are calculated by first estimating phenetic distances corrected by phylogenetic relatedness, and
then calculating the ratio of the average phenetic distances among all species pairs (and the average phe-
netic distance among all focal species pairs; Arbuckle et al., 2014). The value of w = 1 when these two av-
erages are equal (i.e., there is no convergence) and increases as the phenetic similarity among focal species
increases (and hence as the average phenetic distance among them decreases). We estimated 95% confi-
dence intervals for w by jackknifing our data sets (Arbuckle et al., 2014). Because we did not use inferential
statistics in our tanglegrams and Wheatsheaf index analyses, we consider them exploratory.
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