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Abstract
Animals, including herbivores and predators, use diet-mixing to balance their macro- and micronutrient intake. Recent work
demonstrated that lady beetles fed only pea aphids from fava beans had reduced fitness caused by a deficiency of dietary sterols.
However, beetles redressed this deficit by eating fava bean leaves. In the current study we used Coccinella septempunctata as a
model to test the hypotheses that pea aphids are a poor sterol resource independent of their host plant, and that fava beans produce
low quality prey regardless of aphid species. Additionally, we tested the reproductive rescue capacity of alfalfa and barley foliage
compared to fava, and profiled the sterols of phloem exudates, foliage, and aphids reared on these different hosts. Beetle
fecundity and egg viability was significantly better when provided pea aphids reared on alfalfa (compared to fava beans) and
green peach aphids reared on fava plants. Alfalfa and barley leaves were not consumed by beetles and did not support beetle
reproduction. The sterol profile of aphids largely reflected their host plant phloem. However, green peach aphids from fava
acquired 125-times more sterol than pea aphids from fava. Our findings show how the sterol content of different host-plants can
affect the third trophic level. Our results suggest that 1) prey quality varies depending on prey species, even when they occur on
the same plant, 2) plant species can mediate prey quality, 3) host plant-mediated effects on prey quality partially drive omnivory,
and 4) diet-mixing benefits growth and reproduction by redressing micronutrient deficits.
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Introduction

Diet mixing is a widespread behavioral trait that is employed
by taxa across the animal kingdom. It is known to serve a
number of specific functions (Hailey et al. 1998; Singer and
Bernays 2003) including toxin dilution (Behmer et al. 2002;

Singer et al. 2002), maximizing the intake of nutrients when
they are available in space and time (Behmer et al. 2001;
Coogan et al. 2014), providing complementary sets of nutri-
ents (Joern et al. 2012; Unsicker et al. 2008), and
supplementing a diet deficient in micronutrients (Ugine et al.
2019; Simpson and Raubenheimer 2015). Determining the
evolutionary forces that drive food selection is an especially
complicated issue when it comes to the diets of omnivores,
which can choose to feed at multiple trophic levels.
Uncovering the nutritional ecology of functional groups of
consumers like omnivores can provide valuable insights into
their behavior as they seek to optimize their diet for develop-
ment, defense and reproduction.

Omnivores exist on a diet-mixing spectrum ranging from
herbivores that occasionally consume animal tissues
(phytozoophagy), to predators, like lady beetles, that some-
times consume plant and fungal tissues (zoophytophagy; Coll
and Guershon 2002). Omnivores are able to switch between
feeding on prey and plants when one resource becomes de-
pleted (Sanchez 2008), or when host plant defenses make prey
a more favorable option (Agrawal et al . , 1999).
Zoophytophagy is a particularly interesting phenomenon as
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these primarily-predacious animals feed down the food chain
at least two trophic levels, which is a curious behavior because
prey are generally thought of as being a nutritionally complete
resource and a more nutrient-dense resource than foliage
(Mayntz et al. 2005). However, examples of predators con-
suming foliage, pollen and other non-prey foods, and exam-
ples of reproductive failures of predators consuming prey-
only diets are fairly common in the literature (Eubanks and
Denno 1999; Leigh et al. 2018; Toft 2005 and references
therein; Ugine et al. 2019, 2020; White et al. 2017). This
suggests that not all prey provide an adequate balance of mac-
ro and micronutrients to support reproduction, or that prey
contain toxic compounds that affect predator performance
(White et al. 2017).

Zoophytophagy has been reported from a diverse array of
taxa, ranging from sharks, cats and spiders, to true bugs, lady
beetles, lacewings and mites (Anderson 1982; Brassler 1930;
Gillespie and McGregor 2000; Leigh et al. 2018; Lundgren
2009; Nomikou et al. 2003; Nyffeler et al. 2016; Pathak and
Khan 1994; Patt et al. 2003; Torres and Boyd 2009; Triltsch
1997 and 1999). This behavior is one avenue that predators can
take to supplement their diet to ensure they obtain the proper
balance of nutrients. Relatively few studies have attempted to
document the impact of zoophytophagy on the life history pa-
rameters of any organism or determine the driving factors, nutri-
tional or otherwise, behind the behavior.Most researchers simply
report that it occurs. For lady beetles, the few studies that inves-
tigate zoophytophagy take the form of determining the non-target
effect of toxicants like Bacillus thuringiensis Berliner in geneti-
cally modified plants or systemic insecticides on larval develop-
ment and survival (Ahmad et al. 2006; Bai et al. 2005; Moser
et al. 2008; Moser and Obrycki 2009; Pilcher et al. 1997). Only
Lundgren et al. (2011) and Moser et al. (2008) investigated the
effects of foliage on life-history traits of lady beetles. However,
these studies determined the influence of plant feeding on fitness
proxies and did not measure actual beetle fitness or link beetles’
behavior to the need for a specific macro or micronutrient.

Recently, we showed that sevenspotted lady beetles
(Coccinella septempunctata L.) reared on a diet of pea aphids
(Acyrthosiphon pisum Harris) were unable to lay viable eggs
due to insufficient sperm production by males (Ugine et al.
2019). We also showed that beetles readily engaged in her-
bivory and consumed fava bean foliage (Vicia faba L.) to
obtain sterols (e.g. cholesterol). This behavior served to rescue
sperm production and beetle fitness. Additionally, we reported
that seven lady beetle species distributed across the three
clades of the tribe Coccinellini (Escalona et al. 2017) all share
this behavioral trait and employ it to obtain supplemental nu-
trients (sterols) to improve their fitness when they develop on
sterol-poor aphid species (Ugine et al. 2020). Sterols are es-
sential nutrients that have a number of essential functions in
eukaryotes. They are the base molecule for insect molting
hormones (Behmer and Nes 2003), a major component of

plasma membranes (Carvalho et al. 2010; Tomazic et al.
2011), and an integral structural element of the sperm individ-
ualization complex that separates sister spermatids from one
another (Ma et al. 2010). Arthropods are unable to produce
sterols de novo and need to obtain them from their food (Jing
and Behmer 2020).

There is a rich literature on the effect of aphid species on
the fitness of a diverse array of lady beetles, with many exam-
ples of aphid species that do not support lady beetle growth
and or reproduction (Hoděk and Evans 2012). A handful of
studies have investigated tritrophic interactions between
aphids, their host plant and predator fitness (Al-Zyoud et al.
2005; Du et al. 2004; Francis et al. 2001 and refs therein; Giles
et al. 2002; Le Rü and Mitsipa 2000; White et al. 2017; Wu
et al. 2010). While several of these reports link poor perfor-
mance on the part of the predator to known plant defensive
compounds or the relative abundance of amino acids in
aphids, none resolve empirically what aspect of aphids’ com-
position changes to affect predator performance. Additionally,
there is no literature on the palatability of different host plants
to lady beetles or their reproductive rescue capacity when lady
beetles are grown on sterol-poor prey.

We know from our previous work that pea aphids from
fava beans do not provide sufficient quantities of sterols to
lady beetles to maximize their fitness (Ugine et al. 2019,
2020). However, the mechanism underlying pea aphids’ low
sterol content is unclear. This led us to test two broad hypoth-
eses that we address in the current paper: 1) pea aphids are
generally sterol deficient independent of their host plant, and
2) fava beans generate sterol-poor aphids regardless of aphid
species. We addressed these hypotheses in a series of four
experiments using C. septempunctata as our model lady bee-
tle. This species was successful introduced into North
America and is now ubiquitous. Additionally, it suffers a near
total loss of fitness when fed a sterol-limited diet making it
ideal for studying the effects of sterols on reproductive success
(Ugine et al. 2019, 2020).

Methods and Materials

Plants Fava beans (var. Windsor) were used to maintain aphid
colonies; they were also used in experiments. Four beans were
placed at the bottom of 10.2 cm diam. Pots containing LM-
series professional growing media (Lambert; Quebec City,
QC, Canada) and were irrigated daily with tap water. Barley
seeds (Hordeum vulgare L.) for use in colonies and experi-
ments were purchased from Howe Seeds (McLaughlin, SD,
USA). Sixty to 80 barley seeds were placed on top of 5 cm of
growing media in 10.2 cm diam. Pots and were covered with
another 2 cm of media before being irrigated thoroughly with
tap water. Sprouted barley seeds were moved into tray liners
without holes for sub-irrigation. Alfalfa seeds (Medicago
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sativa L., var. N-R-GEE) were purchased from SeedWay
(Hall, NY, USA), coated with rhizobia purchased at Agway/
True Value of Ithaca (Ithaca, NY, USA), and planted singly
into 10.2 cm diam. Pots containing the aforementioned potting
mix. All plant species were initially grown in a common
greenhouse maintained at 23 ± 2 °C, ambient relative humid-
ity, and a 16:8 h L:D cycle, that was supplemented with arti-
ficial light as needed.

InsectsAdultC. septempunctatawere collected locally on a farm
in Harford, NY, USA and were used to initiate a colony. Adult
lady beetles were maintained singly in 44 ml lidded clear plastic
cups containing a 2 × 7 cm piece of paper towel. Five to seven
holes were punched into lids using a metal dissecting probe for
ventilation. Mated female beetles were transferred daily to new
cups containing a fresh piece of paper towel, an excised fava
bean leaf, and an ad libitum diet ofmixed-aged pea aphids grown
on and collected from fava bean plants. Cups containing eggs
were maintained at 25 °C under a 16:8 h L:D cycle and were
monitored daily for egg hatch. This data was used in the calcu-
lation of development times. Neonate larvae (<24 h old) were
used to initiate all experiments.

Aphids Fifty to one hundred mixed-aged pea aphids were
added to pots containing four 1-day-old fava bean seedlings.
Mixed-aged aphids were collected from plants 7–10 d later.
Pots of beans were kept in an environmental growth chamber
at 23 ± 2 °C under 16:8 h L:D. Pea aphids from this colony
(the same clone) were also used to inoculate 2–3 month-old
alfalfa plants, which were kept in an independent environmen-
tal growth chamber under identical conditions. Green peach
aphids were collected from greenhouse-grown pansy plants
(Viola tricolor var. hortensis DC.) and were used to inoculate
fava bean seedlings. They were maintained on fava bean
plants for 2–3 generations before being used for experiments,
and the colony was maintained as described for pea aphids.
Bird cherry-oat aphids, Rhopalosiphum padi L., were collect-
ed locally and maintained on 7–21 d old barley plants before
being transferred to new 7 d-old plants.

All aphid colonies were kept in separate environmental
growth chambers at 23 ± 2 °C and a photoperiod of 16:8 h
(L:D), and were watered as-needed with tap water. Each aphid
species was collected from plants for use in experiments by
gently tapping the infested plants over a 1.9 L bucket whose
walls were coated with Insect-a-Slip (BioQuip, Rancho
Dominguez, CA, USA) to prevent aphids from escaping.

Experiment 1. Test of Aphid and Host Plant
Effect in the Absence of Foliage

This experiment was designed to test two main hypotheses: 1)
pea aphids are inherent ly poor-qual i ty prey for

C. septempunctata independent of their host plants, and 2)
fava bean plants generate low quality aphids independent of
aphid species. Neonate larvae from 5 to 10 females were
pooled and arbitrarily assigned to one of four diet treatments.
Larvae were maintained singly in 44 ml cups and provided an
ad libitum diet of pea aphids reared on (1) fava bean or (2)
alfalfa plants, or (3) green peach aphids from fava beans.
Because both fava beans and alfalfa are legumes (Fabaceae),
we tested the nutritional suitability of another common plant-
aphid combination from a different plant family. For this, we
reared (4) bird cherry-oat aphid, a common pest of cereals
(Poaceae), on barley. In all four treatments lady beetles had
access to aphids, but no plant foliage. We recorded the devel-
opment time and survival of larvae to adulthood.

Beetles were sexed upon eclosion and mating pairs of bee-
tles within a treatment were established 7 d post-eclosion.
Female beetles were provided aphids (ad libitum) from their
respective treatments and were transferred to new cups daily
for seven consecutive days. We counted the number of eggs
laid per female on each day. Cups containing eggs were main-
tained at 25 °C for 3–4 d, at which time the number of viable
eggs was determined and recorded. Cups containing larval
and adults were maintained in a climate-controlled incubator
at 25° ± 2 °C with a 16:8 h L:D cycle and ambient relative
humidity. The experiment was conducted four times with 4–
14 mated females per treatment each time; there was a total of
18, 30, 32 and 45 replicate beetles reared on diets of (1) pea
aphids/alfalfa, (2) green peach aphids/fava, (3) pea aphids/
fava, and (4) bird-cherry oat aphids /barley, respectively.

Experiment 2. Test of Host Plant Effect
with Foliage Present

Given the potential limitations of experiments conducted in
small cups, we conducted an experiment with aphids on pot-
ted plants to test the effect of aphid species plus aphid host
plant under more natural conditions; as in experiment 1, there
were four treatments. Single fava bean seeds, 60–80 barley
seeds, or 3–5 alfalfa seeds were potted into 10.2 cm diameter
pots and allowed to grow for 7–10 days (fava beans and bar-
ley) and 5–6 weeks (alfalfa) in a greenhouse at 22–25 °C with
supplemental lighting to maintain 16:8 h L:D. We added ap-
proximately100 mixed-aged pea aphids to pots of fava beans
and alfalfa, 100 mixed-aged green peach aphids to pots con-
taining fava bean seedlings, and 100–200 mixed-aged bird-
cherry oat aphids to pots of barley seedlings. Neonate lady
beetles (<24 h old) from 5 to 10 females were pooled and
placed singly onto the potted plants. We then covered plants
individually with micro-perforated plastic bread bags (160
holes per 6.45 cm2

, Prism Pak Inc. Berwick, PA, USA).
These bags fit around the plant pots tightly enough that no
aphids or lady beetles could escape. They also provided
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enough ventilation such that there was little-to-no condensa-
tion within the bags. Bagged plants were placed into non-
perforated trays for sub-irrigation with tap water and were
maintained in the greenhouse. There were many aphids re-
maining on all plants at the end of larval development, indi-
cating beetles had sufficient food. We set up 30 replicate pots
for each aphid-plant combination on two independent occa-
sions, except for pea aphids on alfalfa, which we set up on a
single occasion with 40 replicate pots. Adult beetles were
removed from their bags 7 d post-eclosion. We noted their
development time in days and the beetles were sexed and
mated within a treatment group. Because our goal in this study
was to determine the nutritional value of aphids during the
pre-reproductive period (i.e. do lady beetles consume enough
food of sufficient quality to lay viable eggs, which we know is
male-dependent), mated female beetles were transferred to
44 ml plastic cups and provided a diet of pea aphids from fava
beans. Female beetles were transferred to new cups daily for
seven consecutive days, and the number of eggs laid per fe-
male on each day was recorded. Cups containing eggs were
maintained at 25 °C for 3–4 d, at which time we recorded the
number of viable eggs. Cups containing adult females were
maintained in a reach-in environmental incubator at 25° ±
2 °C with a 16:8 h L:D cycle and ambient relative humidity.

Experiment 3. Rescue Capacity of Different
Plants on Beetle Development
and Reproduction

Our previous studies demonstrated that lady beetles recognize
fava bean foliage as food (Ugine et al. 2019, 2020), and that
larvae and adults will consume fava bean foliage when pro-
vided a sterol-poor diet of pea aphids reared on fava beans.
We tested the hypotheses that C. septempunctata larvae and
adults recognize other species of plants as food and that their
availability supports adult reproduction. Neonate
C. septempunctata larvae (<24 h old) from 5 to 10 females
were pooled and distributed arbitrarily into 44 ml lidded plas-
tic cups containing a piece of paper towel (2 × 7 cm), an ad
libitum diet of mixed-aged pea aphids from fava beans and: 1)
no foliage (the control), 2) a fava bean leaf, 3) three trifoliate
alfalfa leaves including the petiole, or 4) three 5 cm-long sec-
tions of barley leaves. Cups containing larvae were kept in a
reach-in environmental cabinet at 25 ± 2 °C with a 16:8 h L:D
cycle, and the temperature was monitored every 15 min using
a Hobo electronic data logger (Onset, Bourne, MA, USA).
Every 24 h larvae were scored as dead or alive, all live and
dead aphids were removed and exchanged for freshly collect-
ed pea aphids, foliage was replaced, and 75 μl of tap water
was applied to the paper towel to help maintain leaf freshness.
We recorded the day that each adult eclosed and used this data
to compare the development times among treatment groups.

Upon eclosion, adult beetles were provided foliage and
aphids. Seven days post-eclosion, adult beetles were sexed
and paired for mating (one male + one female) within a treat-
ment. Once copulation had ceased, male and female beetles
were separated and the males were discarded. Female beetles
were provided a diet of pea aphids from fava beans, and trans-
ferred to new cups daily for 5 d without supplemental foliage.
The number of eggs laid by each female was quantified daily
and the eggs were held for 3–4 d at 25 °C to assess egg
viability. The entire experiment (randomized complete block
design with experimental date as blocks) was conducted on
five separate occasions with between 5 and 12 individuals per
treatment per occasion for a total of 35 (alfalfa), 34 (barley),
41 (fava) and 38 (no foliage; the control) replicates.

Experiment 4. Phloem, Leaf and Aphid Sterol
Content

Given the importance of sterols for lady beetle sperm produc-
tion, female viability, and beetles’ propensity to feed on fo-
liage to obtain sterols, we profiled the sterol content of phloem
and leaf tissue from (1) fava beans (800, 700 and 900 leaves
per sample), (2) alfalfa (250, 800, 1000 leaves), and (3) barley
(1000 leaves per sample). Additionally, we determined the
sterol content of pea aphids from (1) fava bean and (2) alfalfa,
(3) green peach aphids from fava bean, and (4) bird-cherry oat
aphids from barley to assess how host plant sterol content
affects aphid sterol content.

We collected phloem exudates from fava bean, alfalfa, and
barley leaves using the EDTA phloem extraction protocol
described in Karley et al. (2002) and Bouvaine et al. (2012).
Leaves were excised from 2 to 3 wk. old plants and their
petioles were immediately placed into 1 ml of 10 mM
EDTA, pH 7.5. Leaves were kept in a high humidity chamber,
in the dark, at 25 °C for 6 h. The leaves were then removed
from the EDTA, the petioles were rinsed with water and the
samples were stored at −20 °C prior to processing. We re-
moved leaves from fava, alfalfa and barley and the sterol pro-
file was characterized and quantified. Samples were homoge-
nized with 1:1 chloroform:methanol. The samples were then
incubated at room temperature for 24 h, evaporated and resus-
pended in 3 ml of hexane. The hexane fraction was washed
with three volumes of 70% methanol:water-equilibrated hex-
ane. The hexane sample was further processed and examined
for sterol content. Following base saponification, free sterols
and sterols freed following saponification were converted to
TMSi derivatives and identification and quantification by
GC–MS following previous methods described by Jing
et al., 2013 and Ugine et al., 2019. The GC–MS ions from
purified standards (Steraloids Inc. RI) were used in the iden-
tification of the sterols described in this study. We extracted
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three replicate samples of phloem and leaf tissue per host
plant.

Finally, we analyzed the sterol content of (1) bird cherry-
oat aphids grown on barley (four samples each 2.4–3.5 dry g),
(2) green peach aphids grown of fava beans (three samples
1.1–3.3 dry g), (3) pea aphids grown on fava beans (two sam-
ples 2.5–3.7 dry g), and (4) pea aphids grown on alfalfa (11
samples 1.2–5.9 dry g). Aphids were lyophilized prior to ex-
traction. The processing, extraction and cleanup procedures of
freeze-dried aphids are described in detail in Ugine et al.
(2019). Free sterols and sterols freed following saponification
and hydrolysis were quantified by gas liquid chromatography-
fid (GLC-fid) by comparison with authentic standards, and
structures were verified by GCMS as described in Jing et al.
(2013) and Ugine et al. (2019).

Statistical Analysis All statistical analyses were conducted
using the statistical packages JMP® Pro (version 11.0; SAS
Institute, Carey, NC, USA) and SAS Pro software (Version
9.3, Carey, NC, USA). For all three experiments we conduct-
ed the same generalized series of analyses. The development
time of beetles (in days) from neonate larvae to adulthood was
analyzed using mixed-model analysis of variance (SAS: JMP
Pro 11). We modeled the experimental repetition as a random
block effect, and treatment as a fixed effect. Post-hoc multiple
comparisons were performed using Tukey’s HSD (alpha
=0.05). The survival of beetles to the adult stage and the pro-
portion of female that laid any viable eggs during the test
periods (female viability) were analyzed separately using lo-
gistic regression via the generalized linear model platform in
JMP. We modeled our data using a binomial distribution with
a logit link function and included the fixed effects block (ex-
perimental replicate) and treatment. Post-hoc multiple com-
parisons were performed using pre-planned contrasts, which
were evaluated after controlling for multiple comparison via
the Bonferroni correction. The total number of eggs laid by
females in each experiment was square-root transformed to
normalize the distribution and analyzed using mixed-model
analysis of variance, with experimental block modeled as a
random variable and treatment as a fixed effect. Post-hoc mul-
tiple comparisons were made using Tukey’s HSD (alpha =
0.05). The percentage of eggs that hatched as a function of
the total laid was analyzed using PROC GLIMIX (SAS Pro
9.3). The response distribution was modeled as a binomial and
we used a logit link function. Experimental block was
modeled as a random variable and treatment was modeled as
a fixed effect. Post-hoc multiple comparisons were performed
using the lsmeans/pdiff adjust = Tukey command, to maintain
a family-wise error rate at alpha = 0.05.

Sterol amounts in phloem, foliage and aphid tissues were
analyzed via ANOVA.We divided the phloem sterol amounts
by the number of leaves that were extracted, foliage sterol
amounts by their dry weight, and the aphid sterol amounts

by the number of dry grams of aphid extracted to normalize
the data. Post-hoc analyses were conducted using Tukey’s
HSD.

Results

Experiment 1. Test of Aphid and Host Plant Effect in
the Absence of Foliage

We observed a significant main effect of treatment on devel-
opment times (F(3,120) = 11.9, P < 0.0001). However, there
was no significant difference as a function of host plant (pea
aphids grown on fava versus alfalfa; see Table 1), or effect of
aphid species within a host plant (green peach versus pea
aphids, both grown on fava beans; see Table 1). Beetles reared
on pea aphids from fava beans versus alfalfa (host plant effect)
eclosed after 14.5 and 14.2 d, respectively; beetles reared on
green peach aphids from fava beans (aphid species effect)
eclosed after 14.5 d. In contrast, beetles provided bird-cherry
oat aphids took significantly longer to develop (15.0 d;
Table 1). Immature survival did not differ among treatments
(χ2 = 5.3, 3 df, P = 0.15, Table 1).

The seven-day fecundity differed significantly as a function
of the aphid species/host plant treatment (F(3, 117) = 12.5,
P < 0.001; Fig. 1a). Beetles receiving pea aphids from fava
beans laid significantly fewer eggs than those receiving green
peach aphids from fava beans (t-ratio − 5.5, 1 df, P < 0.0001).
There was no difference in the total number of eggs laid by
females receiving pea aphids from fava beans versus alfalfa
(host plant effect: t-ratio − 0.6, 1 df, P = 0.54), and beetles
provided bird-cherry oat aphid laid more eggs than beetles
provided pea aphids from fava beans (t-ratio − 4.0, 1 df, P <
0.0001).

There was also a significant effect of the aphid-host plant
combination on the percentage of females that laid viable eggs
during the 7 d test period (χ2 = 31.7, 3 df, P < 0.0001, Fig. 1b).
First, we observed a significant host plant effect (χ2 = 4.8, 1
df, P = 0.03, Fig. 1b) when pea aphids were reared on fava
versus alfalfa. Second, significantly more lady beetles pro-
duced viable eggs when they were provided green peach
aphids from fava beans, compared to females fed pea aphids
from fava beans (χ2 = 23.4, 1 df, P < 0.001). Female beetles
fed bird-cherry oat aphids (from barley) produced significant-
ly more viable eggs compared to beetles fed pea aphids from
fava beans (χ2 = 17.5, 1 df, P < 0.0001). While 17.8% of fe-
males from the pea aphid fava bean treatment produced viable
eggs, it is noteworthy that three quarters of these females laid
≤8 viable eggs during the 7d test period, and 75% of all the
viable eggs were produced in the first clutch.

The proportion of eggs that were viable was affected by the
host plant/aphid species combination (F(3,111) = 521.3,
P < 0.0001; Fig. 1c) with all treatments differing significantly
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from each other with the exception of bird-cherry oat aphid
from barley and pea aphids from alfalfa (bird-cherry oat aphid/
barley = pea aphid/alfalfa > green peach aphid/fava > pea
aphid/fava).

Experiment 2. Test of Host Plant Effects with Foliage
Present

We found a significant effect of the aphid–host plant treatment
on the development times of beetles (F(2,159) = 10.2, P <
0.0001). Beetles reared on fava bean plants infested with
green peach aphids developed into adults significantly faster
(ca. 1 d) compared to beetles reared on fava beans infested
with pea aphids and barley infested with bird-cherry oat
aphids (Table 1); unfortunately, we neglected to record devel-
opment time data for beetles reared on alfalfa infestedwith pea
aphids. Survival to adulthood was high in all treatments (87–
97%) and did not vary with treatment (χ2 = 3.7, 3 df, P = 0.29;
Table 1).

The seven-day fecundity was significantly affected by
the plant-aphid treatment used to rear beetles (F(3,70) = 4.5,
P = 0.006; Fig. 2b). Lady beetles from fava bean plants
with pea aphids laid significantly more eggs (1.8 times
more) compared to lady beetles from barley with bird-
cherry oat aphids (Fig. 2a), but there were no other sig-
nificant differences (Fig. 2a). However, we did not ob-
serve a significant treatment effect on the percentage of
females that produced viable eggs (χ2 = 6.7, 3 df, P =
0.08, Fig. 2b). The proportion of eggs that hatched from
eggs laid during the 7 d test period was significantly af-
fected by the aphid-host plant treatment (F(3,69) = 243.9,
P < 0.0001). This treatment effect was strong as all treat-
ments differed significantly from each other (Fig. 2c).

Experiment 3. Rescue Capacity of Different Plants on
Beetle Development and Reproduction

The development time of lady beetles differed depend-
ing on which foliage was present (F(3,428) = 4.3, P =
0.006). Beetles reared with alfalfa leaves developed
slower compared to beetles reared with fava bean fo-
liage (Table 1), although only by one third of a day.
The type of foliage present in an arena also affected the
survival of larvae to adulthood (χ2 = 9.7, 3 df, P = 0.02),
but in generally survival was high among all the differ-
ent treatments and ranged from 74 to 87% (Table 1).
Beetles that were reared with fava bean leaves suffered
slightly higher rates of mortality (13% more) compared
to the no-leaf treatment; the survival of beetles in the
remaining treatments did not differ from each other
(Table 1).

The plant species used to supplement a diet of pea
aphids reared on fava bean had a significant effect on
the total number of eggs laid during the test period (F(3,
141.5) = 3.6, P = 0.02). Post-hoc comparisons showed that
beetles provided fava bean leaves laid significantly more
eggs (1.9 times more) than beetles receiving barley leaf
supplements, and there were no differences among the
number of eggs laid by females receiving barley, alfalfa
or the no-leaf control (Fig. 3a). We also found a signifi-
cant treatment effect on the percentage of females that laid
viable eggs (χ2 = 30.7, 3 df, P < 0.0001, Fig. 3b). A sig-
nificantly greater percentage of female beetles that re-
ceived fava bean as a leaf supplement laid viable eggs
compared to females that received alfalfa as a supplement
(χ2 = 10.0, 1 df, P = 0.001), barley as a supplement (χ2 =
8.6, 1 df, P = 0.003), or no leaf supplement (χ2 = 28.1, 1

Table 1 The mean (±SE) development time and survival from neonate to adulthood of lady beetles from Experiments 1–3

Experiment 1: Test of Aphid and Host Plant Effect in the Absence of Foliage

Aphid species M. persicae A. pisum A. pisum R. padi

Aphid host plant Fava Fava Alfalfa Barley

Development time (days) 14.5±0.1 a 14.5±0.1 a 14.2±0.1 a 15.0±0.1 b

Survival to adulthood (%) 87.5 a 97.5 a 90.0 a 97.5 a

Experiment 2. Test of Host Plant Effect with Foliage Present

Aphid species M. persicae A. pisum A. pisum R. padi

Aphid host plant Fava Fava Alfalfa Barley

Development time (days) 15.9±0.1 a 16.7±0.2 b No data 16.8±0.2 b

Survival to adulthood (%) 91.6 a 88.3 a 97.5 a 91.6 a

Experiment 3. Rescue Capacity of Different Plants on Beetle Development and Reproduction

Supplement type No leaf supplement Fava leaves Alfalfa leaves Barley leaves

Development time (days) 14.7±0.1 ab 14.7±0.1 b 15.0±0.1 a 14.8±0.1 ab

Survival to adulthood (%) 86.9 a 74.1 b 76.9 ab 84.3 ab
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df, P < 0.0001). Lady beetle larvae, especially fourth in-
star and adult beetles, readily feed on the midrib and
edges of fava bean leaves, and sometimes chewed holes
directly through the leaf. It is interesting to note that while
we did not observe feeding damage on barley or alfalfa
leaves, more females (ca. 10% more) that received these
two plants laid viable eggs compared to the no-leaf con-
trol group (χ2 = 5.1, 1 df, P = 0.02). Finally, females pro-
vided fava bean leaves laid a significantly higher

percentage of eggs that hatched compared to the other
treatments (F(3,137) = 403.9, P < 0.0001), and each treat-
ment differed significantly from each other (Fig. 3c).

Experiment 4. Phloem, Leaf and Aphid Sterol Content

We found significant differences in the amount of sterol in the
phloem of the different plants (F(2,6) = 108.9, P < 0.0001;
Fig. 4a). Alfalfa phloem contained more total sterol per leaf
compared to fava and barley leaves, which did not differ from
each other. The alfalfa sterol profile was dominated by 22-
dihydrospinasterol and cholesterol, which comprised 88% of
the total sterol pool. Fava bean and barley phloem contained a
majority of sitosterol and stigmasterol, which comprised 84%
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and 94% of the total sterol pool per plant species, respectively.
Similarly, we found a significant effect of plant species on the
sterol content of foliage (F(2,6) = 9.6, P = 0.01). Fava foliage
contained significantly more sterol per dry gram of tissue than
barley and alfalfa, which did not different from each other
(Fig. 4b). Alfalfa foliage had small but appreciable amounts
of delta-7 (Δ7) sterols (7-campesterol, 22-dihydrospinasterol,
spinasterol), whereas fava and barley foliage only maintained
Δ5 sterols (campesterol, cholesterol sitosterol, stigmasterol).

We found that green peach aphids reared on fava beans had
significantly higher levels of sterols compared to pea aphids
reared on fava beans (Fig. 5). Additionally, pea aphids reared
on alfalfa acquired more total sterols than the same clone
reared on fava beans (Fig. 5). Generally, pea aphids and
bird-cherry oat aphids had very low tissue sterol levels.

Discussion

Overall, we found that the host plant on which aphids develop
affected the performance and fitness of C. septempunctata.
When we provided lady beetles pea aphids reared on fava
beans versus alfalfa in the absence of foliage, fewer females
laid viable eggs and fewer fertile eggs were laid. Additionally,
pea aphids reared on alfalfa contained 22-times more sterol
compared to pea aphids reared on fava beans. This result is
consistent with our previous findings that the sterol content of
aphids dictates beetle fitness (Ugine et al. 2019, 2020). Our
hypothesis that fava beans generally produce low-quality
aphids across aphid species was not supported. Green peach
aphids from fava beans supported reproduction, whereas pea
aphids from fava beans did not. This is explained by the higher
sterol content of green peach aphids compared to pea aphids
reared on fava beans; they contained 125-times more sterol
when both were reared on fava beans.

When we provided sterol-deficient lady beetles alfalfa or
barley foliage, we found that they were poor supplements
compared to fava bean foliage. Both alfalfa and barley foliage
contain large amounts of common phytosterols that can rescue
the fitness of sevenspotted lady beetles (Ugine et al. 2019),
yet alfalfa and barley supplements only yielded a modest 10%
increase in the percentage of female that laid any viable eggs
compared to controls. We believe this was largely due to low-
er palatability of alfalfa and barley foliage.We did not observe
any feeding damage on these tissues, whereas fava bean
leaves typically had visible amounts of herbivory along the
edges of leaves and along the abaxial leaf midrib. Our findings
that alfalfa and barley leaf supplements do not result in a large
percentage of females laying viable eggs, or a large increase in
the absolute number of viable eggs laid, coupled with the lack
o f o b s e r v a b l e f e e d i n g d amag e s u gg e s t s t h a t
C. septempunctata does not feed on foliage indiscriminately.

We know from laboratory studies that sterol-deficient bee-
tles across the Coccinellini readily consume fava bean leaves
to obtain supplemental sterols, and that this behavior allows
male lady beetles to mature more sperm compared to non-
supplemented individuals (Ugine et al. 2019, 2020). Our data
support the hypothesis that beetles are selective in what plants
they choose to consume. It’s interesting that on the one hand,
pea aphids from fava beans are a poor host for numerous lady
beetle species (Ugine et al. 2020), but on the other hand the
same host plant is a favored supplement that restores beetle
fitness. Lundgren et al. (2011) showed that pinto bean foliage,
Phaseolous vulgaris (var. pinto), is readily consumed by
Coleomegilla maculata. Additionally, some Coccinellids in
the genus Epilachna like the Mexican bean beetle
(Epilachna varivestis Mulsant) are destructive pests that spe-
cialize on legumes. A simple testable hypothesis is that le-
gumes are favored foliage-based source of sterols for lady
beetles, although our data from alfalfa does not support that
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hypothesis. Understanding what plant traits lady beetles use to
assess foliage as a resource and what sensory modalities are
employed to make assessments are important next steps in
determining the evolution of omnivory in this system.
Additionally, while we have shown that seven different spe-
cies consume fava foliage in response to sterol-limitation
(Ugine et al. 2020), it is possible that many lady beetle species
meet their sterol requirement by consuming other tissues, in-
cluding pollen, fungi, and alternative non-aphid prey.

Beetles reared on aphid-infested barley, alfalfa and fava
bean plants performed much better than the beetles we reared
in small cups and provided foliage supplements; a larger per-
centage of females laid viable eggs and more of the eggs they
laid were viable. This was a curious result given that we were
not able to see visible damage to alfalfa and barley leaves
when they were provided to beetles during development. We
can think of two possible explanations for this result. First,
when beetles are reared on whole plants they have a wider
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variety of plant tissues and ages of tissues to choose from
compared to what was available in the small cup assay. It
could be that while the beetles did not feed upon excised
foliage in cups, they did feed upon plant tissues when they
were grown on whole intact plants. Because we did not assess
plant damage on whole plants, we cannot verify this hypoth-
esis. Second, when aphids are collected off plants and placed
into cups as food for beetles, the aphids are no longer feeding
on phloem. Therefore, after a short period of time we assume
that their guts are emptied of phloem. Aphids have specialized
guts that are designed to quickly remove excess water and
concentration nutrients (Cohen 2015), and sterols are also ex-
creted in aphids’ honeydew (Bouvaine et al. 2012). If lady
beetles obtain their requisite dietary sterols from the gut con-
tents of aphids, then removing aphids from their host plants
could deprive beetles of an important source of sterols.

The pattern of sterol accumulation by the different aphid
species was variable and we saw significant effects of aphids’
host plant on sterol abundance. As we have observed in the
past, pea aphids that develop on fava beans sequester low
levels of sterol, about 0.034 μg/dry gram of aphid in this
study. This is in stark contrast to the large amount of sterols
sequestered by the same clone of pea aphid grown on alfalfa,
about 0.745 μg/dry gram of aphid. Additionally, we saw a
very large difference in sterol accumulation between pea and
green peach aphids reared on fava beans. This is interesting
because each aphid species consumed phloem from the same
host species. Green peach aphids appear to selectively con-
centrate specific sterols in their tissues (e.g. campesterol and
cholesterol), whereas pea aphids seemingly excrete or metab-
olize the majority of the sterols they consume. Fava bean
phloem contained a majority of sitosterol followed by
campesterol, and these sterol species were also the most abun-
dant in green peach aphids, perhaps suggesting the active
accumulation of sterols. This is in contrast to what we ob-
served with pea aphids reared on alfalfa. The phloem of alfalfa
was dominated by 22-dihydrospinasterol, which contains a
single double bond at carbon seven (Δ7) in the sterol nucleus.
Sterols with a double bond at this position can be problematic
for other insect taxa and can cause delays in development and
increase mortality (Behmer and Grebenok 1998; Behmer
et al., 1999). Interestingly, pea aphids accumulated a propor-
tionally small amount of this sterol, although they did seques-
ter some spinasterol, another Δ7 sterol. However, the negative
effect of the Δ7 sterols on lady beetles did not result in a fitness
reduction. It is unclear from our data whether green peach
aphids have an overall greater sterol need than pea aphids,
or whether they passively accumulate whatever sterols they
encounter. Similarly, it is unclear whether pea aphids actively
excrete sterols to maintain low sterol levels as a novel form of
defense against predators. Janson et al. (2009) reported that
two congeneric aphid species in the genus Uroleucon accu-
mulated different sterol profiles from Solidago altissima. One

species maintained a majority of cholesterol and minor
amount of spinasterol, whereas the second species maintained
more spinasterol than any other single sterol.

Viewing coccinellids as obligate omnivores forces us to
rethink their interaction with plants and even their more famil-
iar role as predators. All of these mechanisms and behaviors
will not only potentially influence local plant-predator-prey
interactions, but combined they will potentially influence
coccinellid distribution and abundance in the landscape.
Given that lady beetles can use foliage as a source of supple-
mental nutrients, their distribution at the scale of the individual
beetle may be influenced by vegetation in addition to prey
presence and abundance. Our results indicate that the quality
of aphids for lady beetles is determined by at least two factors.
First, in the instance of pea aphids, the sterol content of their
host plant appeared to determine aphids’ sterol content and
beetle fitness. Second, there was an effect of aphid species
whereby green peach aphids sequestered a much larger
amount of sterol compared to pea aphids reared on the same
plant. Our results demonstrate two key findings: 1) host plant
mediated effects on prey quality can drive omnivory, and 2)
diet mixing to redress micronutrient deficits benefits growth
and reproduction.
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material available at https://doi.org/10.1007/s10886-021-01251-4.
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