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UK effective at identifying lethal endpoints and measuring specific functional traits, but

the extent to which they might contribute additional understanding of the phenotype
remains unknown. Consequently, here we test the biological significance of EPTs and
their responses relative to fundamental thermodynamic principles. We achieve this
using the entire embryonic development of Radix balthica, a freshwater pond snail, at
different temperatures (20, 25 & 30 °C) and comparing responses against predictions
from Arrhenius’equation (Q;,=2).

Results: We find that EPTs are thermally sensitive and their spectra of frequency
response enable effective high-dimensional treatment clustering throughout organis-
mal development. Temperature-specific deviation in EPTs from thermodynamic predic-
tions were evident and indicative of physiological mitigation, although they differed
markedly in their responses from manual measures. The EPT spectrum was effective

in capturing aspects of the phenotype predictive of biological outcomes, and suggest
that EPTs themselves may reflect levels of energy turnover.

Conclusions: Whole-organismal biology is incredibly complex, and this contributes to
the challenge of developing universal phenotyping approaches. Here, we demonstrate
the biological relevance of a new holistic approach to phenotyping that is not con-
strained by preconceived notions of biological importance. Furthermore, we find that
EPTs are an effective approach to measuring even the most dynamic life history stages.

Keywords: Invertebrate development, Aquatic embryo, Energy proxy traits, High
dimensional organismal phenotyping

Introduction

Technology-enabled high-dimensional-organismal-phenotyping (HDOP) provides
efficient measurement of phenotypic traits traditionally used in biology, and can also
extend the study of the phenotype via proxy traits—measures with no direct traditional
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equivalent [1-5]. A new approach to measuring the phenotype is the use of energy proxy
traits (EPTs), the amount of energy within different temporal frequencies in the pixel
value fluctuations from video of live biological material. Analysis of fluctuations in video
pixel values has previously been used to measure cardiac activity in humans [6], model
species [7, 8] and aquatic invertebrate embryos [5]. While EPTs also have pixel value
fluctuations as their basis, they are a holistic approach to measuring complex biological
responses not limited by preconceived notions of the phenotype and the traits used to
quantify it. Such holistic approaches to quantifying the phenotype while holding signifi-
cant potential in advancing the concept of phenomics, are relatively scarce.

Unlike many automated methods for measuring the phenotype, EPTs do not require
targeting of any particular aspect of an organisms’ morphology, physiology or behaviour
(e.g. net movement). Rather, they are temporal frequency spectra, capturing fluctua-
tions in mean pixel values, a simple image summary statistic, arising from any biological
source visible in video. EPTs have proven an effective approach to the study of aquatic
embryos, including incorporation of the ontogeny of heart function, muscle movement,
rotation and net movement of the embryo within EPT datasets [5]. The application of
spectral frequency analysis has been demonstrated to be an effective method for interro-
gating complex biological responses in applications including movement ecology [9] and
movement analysis of numerous species of aquatic embryos [10, 11].

Time series analysis of these spectral data, from successive developmental time points,
has proven effective in quantifying the holistic response of aquatic embryos during the
process of biological development within different temporal frequency bins. Targeted
analyses within EPT datasets have proven effective at extracting and quantifying signals
from specific ‘traditional’ components of an embryo’s developmental physiology, includ-
ing lethal end points, and heart rate in aquatic invertebrates with very different heart
architectures (i.e. molluscs and amphipods [5]). Indeed, aquatic embryos and larvae are
emerging as scalable models for the use of HDOP, with technologies and methodolo-
gies increasingly becoming available [2, 5, 12]. Early use of EPTs in aquatic embryos has
found that they are sensitive to different environmental conditions [5], but their mecha-
nistic underpinning and biological relevance remains unclear.

Here, we investigate the mechanistic underpinning of EPTs and compare them with
traditional measures of whole-organismal biology. We do this by comparing measures
of EPTs within a thermodynamic context. Temperature drives the rate of biochemical
reactions and biological processes in ectotherms and so is one of the most important
environmental factors in the genome-to-phenome relationship [13, 14]. The tempera-
ture sensitivity of rates and reactions can be predicted using Arrhenius’s Eq. [15] and
expressed using a relatively simple temperature coefficient, Q;,. Without any physiolog-
ical alteration (i.e. physiological adapation, sensu Prosser (1958) [16] but without any
inference of positive fitness benefit) organismal responses should exhibit a temperature
coefficient of two (Q;,=2), i.e. a doubling of rate for a 10 °C increase in temperature.
We used EPTs to quantify the response of embryos of a pond snail, Radix balthica, to
different thermal environments, specifically to: i) assess concordance of EPTs with ther-
modynamic predictions using calculated Q, s; and ii) compare EPTs with traditional
biological measures. We also investigated whether: iii) the combined responses of EPTs
were thermally specific or simply a function of the sensitivity of individual traits; and
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iv) levels of EPT during embryonic development were predictive of developmental

outcomes.

Results

Energy proxy traits show unique deviations from thermodynamic predictions
Thermodynamic predictions of responses at 25 and 30 °C were calculated on the basis of
Q;0=2 applied to the responses observed at 20 °C. Concordance between observed lev-
els of EPT and thermodynamic predictions were evident at both 25 and 30 °C and across
the full range of frequencies measures (Fig. 1a), but with some exceptions. There was
a significant difference between temperatures in the number of EPTs exhibiting either
positive or negative deviation from Q,,=2 predictions (x; =69.06, p <0.001, Additional
file 1,2). At 25 °C, 94% of EPTs were greater than predicted, whereas at 30 °C, 68% of
EPTs were lower than predicted. Furthermore, the proportionate difference in EPT pre-
dictions was significantly different between 25 °C and 30 °C (F, 553 =114.7, P <0.0001)
with an approximate 60% increase at 25 °C compared to a 60% decrease at 30 °C (Fig. 1b,
Additional file 3). Levels of variation in EPTs was greater at 30 °C than at 25 °C, indicated
by an increased scatter around the line of equilibrium indicative of Q;,=2.

Responses of both net movement of the embryo within the egg and heart rate were
more closely aligned to Q;,=2 predictions, compared to EPTs (Fig. 1b). There was no
significant difference between temperatures in the number of traditional trait measure-
ments above or below predicted values, or in the proportionate difference of responses
between temperatures (heart rate: proportional difference—F,(=0.157, P=0.706;
count—y; =0, p=1. movement: proportional difference—F, ;3 =2.32, P=0.145; count—
x;=1.57, p=0.21).

Assessment of the magnitude of deviation from thermodynamic predictions during
the course of embryonic development was used to assess the relative thermal sensi-
tivity of EPTs within different developmental periods (Fig. 2). Deviation of EPTs from
thermodynamic predictions was highly temperature and developmental-period spe-
cific, with a significant interaction between the two across frequencies (Fig. 2; tempera-
ture—F, ,3=192.06, P <0.0001, relative developmental timing — Fg ¢33,=94, P <0.0001,
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Fig. 1 a Observed developmental-stage specific phenome responses for overall levels of different
frequencies of EPT, heart rate and overall movement compared with the predicted response (Q;,=2, applied
to the observed response at 20 °C). b Proportionate deviation in the response of the phenome-level traits in
embryos at 25 °C and 30 °C from Q,, predictions
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Fig. 2 a Developmental stage-specific deviation from thermodynamic predictions (Q,,=2 in energy
proxy traits within 12 frequency bins across ten developmental periods, based on thermodynamic
predictions. Alignment to Q,,=2 prediction is indicated by the horizontal dashed lines within each panel.
b Developmental period-specific difference in overall movement and heart rate from thermodynamic
predictions. Alignment to Q,,= 2 prediction is indicated by the horizontal dashed line in each panel

temperature*relative developmental timing — Fy ¢33,=36.23, P <0.0001, Additional
file 4). At 30 °C, there was a marked reduction in all frequencies of EPT when approxi-
mately 30% of embryonic development had elapsed. During this period the embryo
undergoes a major locomotory transition, from ciliary-driven rotation to the use of the
foot for settlement onto the wall of the egg before crawling [17]. Levels of EPT returned
close to previous values in most frequencies for the final 20% of embryonic development,
however EPTs at 3 Hz were significantly greater than predicted and this corresponds to
the heart rate of the embryo during the later stages of development. The same increase
of EPT associated with the development of cardiac function was evident at 25 °C, but at
a lower frequency of 2 Hz.

Similar to EPTs, deviation in gross levels of embryonic movement within the egg
capsule from thermodynamic predictions were significantly affected by temperature,
developmental period and their interaction (temperature F,.;=38.69, P <0.0001;
developmental period Fy 4,,=21.55, P<0.0001, temperature*developmental period
Fg 620=16.62, P <0.0001). In contrast to EPTs and gross movement, there was no effect
of temperature on the deviation of cardiac function from thermodynamic predictions,
but there was an effect of developmental period (temperature — F, ,,=2.3, P=0.1334,
developmental period — F3 1453=13.65, P <0.0001).

Temperature-specific combinatorial energy proxy traits evident throughout development
To determine the multivariate response of EPTs to different temperatures, principal

component analysis (PCA) was applied to the mean energy proxy trait values for each
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frequency for hourly developmental timepoints (Fig. 3a). A multivariate analysis of vari-
ance was applied to the first twenty principal components (PCs). PCA was effective in
capturing 96% of the variance in the EPTs and was significantly different between tem-
peratures (Pillai’s Trace=0.832, F, ;4;,=265.12, P <0.001). Subsequent post-hoc uni-
variate analysis identified PCs 1-5 and PC19 as being significantly different between
different temperatures (Additional file 5). While there were significant differences in sev-
eral PCs between temperatures, some outlying timepoints are visible in their projection
along PCs 1 and 2 and this appears to result from asynchronous hatching meaning that
later timepoints are more greatly impacted by inter-individual variation in EPT profiles.
PCA is a linear dimensionality reduction method, and so, in order to better understand
the thermal sensitivity of EPTs, PCA was used in combination with t-SNE (PCA-tSNE),
a non-linear method for visualisation of high-dimensional datasets. PCA-tSNE revealed
even greater clustering between temperatures and indicates that the higher dimensions
captured in the PCA (beyond PCs 1 and 2) contribute to capturing biologically relevant,
treatment-specific responses (Fig. 3b, Additional file 6).

Levels of energy proxy trait are predicted by growth rate

To investigate the broader significance of EPTs in terms of their relation to developmen-
tal outcomes, relationships between total EPT levels and growth rates were explored
for individual embryos at different temperatures using ANCOVA (Fig. 4). Levels of
EPT were significantly different between temperatures (F, ;,5=278.8, P <0.0001; 20 vs
25 °C—P <0.0001, 20 vs 30 °C P <0.0001) and as predicted, so too were growth rates (F,
10s=151.2, P <0.0001; Additional file 7). However, there was also a significant positive
relationship between the overall levels of EPT measured throughout an embryo’s devel-
opment and its growth rate (F, ,0,=6.09, P=0.0153) in all three temperatures studied.

Discussion

Energy proxy traits are a holistic approach to measuring the phenotype during argu-
ably the most dynamic life stage — embryonic development. Here, we show that EPTs
are thermally sensitive throughout development, exhibit deviations from biochemical
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Fig. 3 a Principal component analysis (PCA) of the levels of energy within 150 frequency bins at each hourly
time point for the duration of embryonic development of R. balthica. b T-distributed stochastic neighbour
embedding clustering of each hourly time point from the first 50 principal components from a PCA on the
basis of hourly frequency-specific energy levels (PCA-tSNE)
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Fig. 4 Growth rates of R. balthica cultured in different thermal regimes (°C) and their corresponding overall
levels of energy derived from developmental EPT data

prediction that are indicative of physiological alteration, and that overall levels of EPT
are predicted by a key developmental outcome, growth rate.

The divergence of observed values from those predicted on a purely thermodynamic
basis was significantly different between EPTs and manual measures of gross movement
and heart rate. Movement and heart rate are both dominant components of the observ-
able physiology of the embryonic stage of the aquatic gastropod Radix balthica and were
lower at 25 °C than predicted. In contrast, the deviation in the response of EPTs was
higher, i.e. levels of EPT were greater than purely thermodynamic predictions. Differ-
ences in the thermal response of different phenotypes has been recorded previously [14].
Here, the differences in thermal response between EPTs and the manual measures of
both heart rate and movement reinforces the importance that phenotypic expression can
have in determining the outcomes of experiments. Energy proxy traits are not targeted
towards a particular aspect of the developmental phenotype, but instead indiscrimi-
nately capture the physiological responses that are detectable within pixel fluctuations.
We suggest that the additional information content of EPTs means that they could have
significant potential in measuring and integrating phenotypic responses in a way that is
not otherwise be possible.

Deviations from Arrhenius predictions are indicative of responses not being solely
driven by thermodynamic effects, but instead indicate some degree of physiological
alteration, possibly adaptation, occurring [15]. For EPTs, such physiological alteration,
is underpinned by changes in physiology contributing to frequency-specific levels of
energy. We routinely undertake a reductionist approach to biology, whereby our level-
of-observation determines where we interrogate and interpret biological responses
[3, 18, 19]. The non-prejudiced and integrative nature of EPTs contrasts sharply with
many of the methods commonly used to study the phenotype. This could go some way
to explain the contrasting thermal responses observed here. While integrative analyses
of molecular omics are now commonplace, phenotype measurements are typically only
used for interpretable biological phenomena for which mechanisms are understood, at
least to some level. However, we are now at the exciting stage of being able to broaden
our understanding of the phenome beyond traditional phenotypes and the use of EPTs
could be a major contribution to this.
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The diversity and dynamics of form and function during embryonic development
has always presented a challenge to biologists [20]. The same is true in building effec-
tive approaches for HDOP [5]. Here, we show that the developmental trajectories of
EPTs altered significantly during ontogeny and these changes were temperature- and
frequency-specific. Developmental trajectories in EPTs were effective in capturing the
biology of developmental stages with very different phenotypes, but importantly they
could also continue this measurement during the transition between these stages. Devel-
opmental transitions in R. balthica include a change from ciliary propelled spinning and
gliding to a muscular crawling behaviour (Additional file 8), and the ontogeny of car-
diac function; traditional phenotypic measures are largely ineffective or not transferra-
ble between these periods. Universality in the types of measurement that can be applied
to different systems, including species, developmental stages, and experimental designs,
could enable more readily accessible and transferrable technologies across biology. Pre-
vious research has demonstrated the applicability of EPTs to different species and to dif-
ferent types of experimental design, including studying the effects sub-lethal, lethal and
multi-drivers [5].

Dimensionality reduction enables the extraction of structure from complex high-
dimensional datasets and is a well-established method in biology for interrogating
complex datasets, and this includes the serial combination of different dimensionality
reduction methods [21-23]. Dimensionality reduction of EPTs generated combinatorial
signals that were highly effective in clustering embryos throughout their development
on the basis of treatment temperature. For 20, 25 and 30 °C the first five principal com-
ponents from a principal component analysis were significantly different. The first two
principal components accounted for 63% of the variance in the EPTs and therefore to
understand the contribution of the additional variance we applied t-SNE (PCA-tSNE),
a non-linear clustering method, to the eigenvectors from the first 50 principal compo-
nents produced by the PCA. PCA-tSNE enabled the integration of a greater portion of
the variance present in the EPT data (99%) and this revealed tight clustering of individ-
ual hourly time points by temperature treatment.

The growth rate of embryos was positively related to the overall level of EPT meas-
ured throughout embryonic development at different culture temperatures. Variation in
growth rate linked to levels of EPT is important as it is suggestive of changes to whole-
organism physiology with potential fitness implications — either via accelerated devel-
opment, or a larger size at hatch. A positive relationship between EPT and growth rate
would appear to support the hypothesis that EPTs could be a good proxy for metabolic
rate. Intra- and inter- individual variation in metabolic rate varies significantly during
embryonic development. Therefore, the inter-individual variation in EPTs, if representa-
tive of metabolic rate, would not be unusual [24]. If EPTs are a good proxy for metabolic
rate this will enable the extension of whole-organismal metabolic rate, to energy turno-
ver within different temporal frequencies. Furthermore, the measurement of EPTs is a
simpler and lower cost method than respirometry and can be achieved with less manip-
ulation of the treatment environment [5].

At 25 °C, there were significantly greater levels of EPT than at either 20 °C or 30 °C. At
30 °C EPTs were significantly lower than predicted and were almost lower than in 20 °C.
This was confirmed by manual observation of the video which showed that at 25 °C,
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embryos during the last two thirds of embryonic development had generally greater lev-
els of muscular movement than observed at 30 °C. Conversely, while heart rate was sig-
nificantly higher at 30 °C than at 25 °C, other physiological aspects appeared subdued.
The application of EPTs as a method to quantify the entire period of embryonic develop-
ment enabled the acquisition and analysis of a continuous physiological time series. A
lack of universality in traditional phenotypic measures represent a key limitation to the
more widespread adoption of HDOP across biology. Further research is now needed to
apply EPTs to addressing key physiological and evolutionary questions in early life stages
to extend our understanding of how they can contribute to our understanding of pheno-
typic responses more broadly in biology.

Materials and methods

Experimental approach

The development of 144 embryos of a freshwater gastropod, Radix balthica, were
recorded using EmbryoPhenomics, a platform for HDOP [5], at temperatures of 20
n=42, 25 n=44 and 30 n=32 °C [25]. Individual embryos were imaged (200 x magni-
fication, 750 x 750 pixels, 14 bit depth) for the duration of development from first cell
division until hatching within one of three open-source video microscope systems
(OpenVIM [5]). OpenVIMs are robotic digital microscopes for timelapse imaging of
developing embryos. Individual embryos were imaged for 30 s at 30 Hz and this acqui-
sition schedule was repeated hourly for the duration of the development of individual
embryos. Embryos were maintained in 96 well microtitre plates housed within jacket
incubation chambers maintained at 20, 25 or 30 °C located within the OpenVIM. Time
lapse video of the development for individual embryos maintained at each temperature,
from this study, are accessible at https://doi.org/10.5281/zenodo.1419971.

EmbryoCV, the software component of EmbroPhenomics, produced pixel-wise seg-
mentation of embryos in individual frames at each hourly time point (see Tills et al.
(2018) [5] for full image processing pipeline). Movement was calculated from changes
in the centre of mass of the embryo on a frame-by-frame basis from its pixel wise seg-
mentation. For each 30 s video, energy proxy traits were measured via signal decomposi-
tion of the mean pixel value time-series, within the bounding box of the embryo. Two
image resolutions were employed for measuring mean pixel values for different parts of
the analysis. Dimensionality reduction was performed using EPTs calculated from mean
values of the whole bounding box of the embryo. All other analyses were performed
using signal decomposition [26] applied individually to each of 64 mean pixel value
signals associated with different regions of the embryo bounding box (8 x 8 grid). The
mean of the resultant sixty-four energy spectra was computed and used for subsequent
analysis. Heart rate was isolated, quantified and modelled for individual embryos from
the signal decomposition step of the EPT calculation (see Tills et al. (2018) [5] for full
details of this method). A simplified workflow for calculating energy proxy traits from
video is available at—https://doi.org/10.5281/zenod0.4680830 and this can be run online
via Google Colab. Realtime video from this study is accessible at—https://doi.org/10.
5281/zenodo.4645805.
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Thermodynamic predictions

A Q;u=2 (i.e. a doubling of rate for a 10 °C increase in temperature) [15], was applied
to mean phenotype values measured at 20 °C, to make predictions of the responses at
25 and 30 °C. Predicted responses at 25 and 30 °C were made for individual frequen-
cies of EPT, net movement and heart rate. Developmental rates were standardised
between temperatures by converting the absolute timing from first cell division, to
timing relative to the duration of the period between the first cell division and hatch-
ing. The resulting relative timing was used in the calculation of predicted pheno-
type values at different temperatures across time points to allow direct comparisons
between temperatures at equivalent developmental time points.

Dimensionality reduction

To determine the differences between temperature treatments in the combinatorial
signals from EPTs, dimensionality reduction was applied to the mean time-specific
data for individual EPTs within each temperature treatment. Temporal frequencies
were first binned by a factor of 2 and each resultant bin was normalised to a uniform
index of 0—1. PCA was then applied to these data and the resultant eigenvectors to
investigate clustering of treatment groups on the basis of linear dimensionality reduc-
tion, and also t-stochastic neighbour embedding (t-SNE), a non-linear method. t-SNE
was computed on the first 50 principal components (perplexity =5, theta=0). The
remaining parameters were set to the defaults supplied by Rtsne [27].

Statistical analysis

All analyses were conducted in R v4.0.3 [28]. PCA was carried out using the package
stats [28] and t-SNE was computed using the package Rtsne [27]. Chi squared test was
used to test for differences in the number of EPTs, movement and heart rate meas-
ures above or below thermodynamic predictions (Q;,=2, Additional file 1 between
temperature treatments (Additional file 2, Fig. 1a). Proportional difference in overall
levels of EPT, movement and heart rate from thermodynamic predictions (Additional
file 3, Fig. 1b) were tested using an ANOVA. Test of the relative sensitivity of different
traits (EPTs at different frequencies, movement and heart rate) across developmental
periods (Additional file 4, Fig. 2) were tested using an ANOVA. Multivariate Analy-
sis of Variance (MANOVA) was used to test for differences in the first 50 principal
components calculated from a PCA using mean treatment hourly time point EPT
data reduced from 300 frequencies to 150 bins (Additional file 5, Fig. 3a). Subsequent
t-SNE dimensionality reduction was performed on the first 50 PCs from this PCA
(Additional file 6, Fig. 3b).

Data and material availability

Downstream experimental data are provided as supplementary material. Time-lapse
video from the study is available at: https://doi.org/10.5281/zenodo.1419971. Real-
time study video from different treatments are available at: https://doi.org/10.5281/
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zenodo.4645805. Worked examples of energy proxy trait calculation compatible with

Google Colab are available at: https://doi.org/10.5281/zenodo.4680830.
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°C.

Additional file 7 Growth rate and total energy proxy trait levels for embryos maintained in different treatment
temperatures.

Additional file 8 Time series of total EPT energy for an individual embryo cultured at 20 °C for the duration of its
embryonic development. Annotations for manually ascertained developmental events are added A) onset of ciliary
driven spinning, B) onset of muscular crawling and C) attachment of foot to the egg capsule.

Acknowledgements
Not applicable

Authors’ contributions

All authors contributed to the writing of the manuscript. OT & ZI contributed to the data analysis and figure preparation.

OT contributed to the experimental component of the study. OT, JIS and SDR conceived the study. All authors read and
approved final manuscript.

Funding
This work was supported by a UKRI Future Leaders Fellowship (MR/T01962X/1) awarded to OT, a NERC POC Technology
grant awarded to SDR, JIS and OT (NE/P003796/1) and a UoP PhD studentship awarded to ZI.

Availability of data and materials
Data are made available as Supplementary Material and on the EmbryoPhenomics Zenodo data community: https://
zenodo.org/communities/embryophenomics

Declarations

Competing interests
The authors have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Received: 1 February 2021 Accepted: 21 April 2021
Published online: 06 May 2021

References

1. Houle D, Mezet J, Galpern P, Carter A. Automated measurement of Drosophila wings. BMC Evol Biol. 2003;3(1):1-13.

2. Ahmad F, Noldus LPJJ, Tegelenbosch RAQJ, Richardson MK. Zebrafish embryos and larvae in behavioural assays.
Behaviour. 2012;149(10-12):1241-81.

3. Kultz D, Clayton DF, Robinson GE, Albertson C, Carey HV, Cummings ME, et al. New frontiers for organismal biology.
Bioscience. 2013;63(6):464-71.

4. AlexandrovV, et al. Large-scale phenome analysis defines a behavioral signature for Huntington’s disease genotype

in mice. Nat Biotechnol. 2016;34(8):845-51.

Page 10 of 11


https://doi.org/10.5281/zenodo.4645805
https://doi.org/10.5281/zenodo.4680830
https://doi.org/10.1186/s12859-021-04152-1
https://zenodo.org/communities/embryophenomics
https://zenodo.org/communities/embryophenomics

Tills et al. BMC Bioinformatics (2021) 22:232 Page 11 of 11

5. Tills O, Spicer J, Grimmer A, Marini S, Jie V, Tully E, et al. A high-throughput and open-source platform for embryo
phenomics. PLoS Biol. 2018;16(12):3000074.

6. ZhaoF, Li M, Qian Y, Tsien J. Remote measurements of heart and respiration rates for telemedicine. PLoS ONE.
2013;8(10):71384.

7. Fink M, Callol-Massot C, Chu A, Ruiz-Lozano P, Belmonte J, Giles W, et al. A new method for detection and
quantification of heartbeat parameters in Drosophila, zebrafish, and embryonic mouse hearts. BioTechniques.
2009;46(2):101-13.

8. Smith C, Djakow J, Free R, Djakow P, Lonnen R, Williams G, et al. ciliaFA: a research tool for automated, high-through-
put measurement of ciliary beat frequency using freely available software. Cilia. 2012;1(1):1-7.

9. Polansky L, Wittemyer G, Cross P, Tambling C, Getz W. From moonlight to movement and synchronized randomness:
Fourier and wavelet analyses of animal location time series data. Ecology. 2010;91(5):1506-18.

10. Tills O, Bitterli T, Culverhouse P, Spicer JI, Rundle SD. A novel application of motion analysis for detecting stress
responses in embryos at different stages of development. BMC Bioinformatics. 2013;14(1):1-11.

11. Rudin-Bitterli TS, Tills O, Spicer JI, Culverhouse P, Wielhouwer EM, Richardson MK, et al. Combining motion
analysis and microfluidics—a novel approach for detecting whole-animal responses to test substances. PLoS ONE.
2014,9(12):e113235.

12. VanTreuren W, Brower KK, Labanieh L, Hunt D, Lensch S, Cruz B, et al. Live imaging of Aiptasia larvae, a model
system for coral and anemone bleaching, using a simple microfluidic device. Sci Rep. 2019;9:9275.

13. Gillooly JF, Charnov EL, West GB, Savage VM, Brown JH. Effects of size and temperature on developmental time.
Nature. 2002;417(6884):70-3.

14. Iverson ENK, Nix R, Abebe A, Havird JC. Thermal responses differ across levels of biological organisation. Integr
Comp Biol. 2020,60(2):361-74.

15. Arrhenius S. Quantitative Laws of Biochemical Chemistry. London: Bell; 1915.

16. Prosser CL. General Summary: The Nature of Physiological Adaptation. In: Prosser CL, editor. Physiological Adapta-
tion. Washington D.C.: American Physiological Society; 1958. p. 167-80.

17. Smirthwaite J, Rundle S, Bininda-Emonds O, Spicer J. An integrative approach identifies developmental sequence
heterochronies in freshwater basommatophoran snails. Evol Dev. 2007;9(2):122-30.

18. Houle D, Govindaraju DR, Omholt S. Phenomics: the next challenge. Nat Rev Genet. 2010;11(12):855-66.

19. Houle D. Numbering the hairs on our heads: The shared challenge and promise of phenomics. Proc Natl Acad Sci
USA. 2010;107:1793-9.

20. Spicer JI, Gaston KJ. Physiological Diversity and its Ecological Implications. Oxford, United Kingdom: Blackwell Sci-
ence Limited; 1999.

21. Houle D. A dispatch from the multivariate frontier. J Evol Biol. 2007;20(1):22-3.

22. Blows MW. A tale of two matrices: multivariate approaches in evolutionary biology. J Evol Biol. 2007;20(1):1-8.

23. Sakaue S, Hirata J, Kanai M, Suzuki K, Akiyama M, Too CL, et al. Dimensionality reduction reveals fine-scale structure
in the Japanese population with consequences for polygenic risk prediction. Nat Commun. 2020;11(1):1-11.

24. Bang A, Grenkjeer P, Malte H. Individual variation in the rate of oxygen consumption by zebrafish embryos. J Fish
Biol. 2004;64(5):1285-96.

25. Edelstein AD, Tsuchida MA, Amodai N, Pinkard H, Vale RD, Stuurman N. Advanced methods of microscope control
using uManager software. J Biol Methods. 2014;1(2):e10.

26. Welch PD. The use of fast fourier transform for the estimation of power spectra: a method based on time averaging
over short, modified periodograms. IEE Trans Audio Electroacoustics. 1967;15(2):70-3.

27. Krijthe JH. 2015. Rtsne: T-Distributed Stochastic Neighbor Embedding using a Barnes-Hut Implementation, URL:
https://github.com/jkrijthe/Rtsne,

28. R Core Team. 2019. R: A language and environment for statistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria. URL: https://www.R-project.org/.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://github.com/jkrijthe/Rtsne
https://www.R-project.org/

	Spectral phenotyping of embryonic development reveals integrative thermodynamic responses
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Energy proxy traits show unique deviations from thermodynamic predictions
	Temperature-specific combinatorial energy proxy traits evident throughout development
	Levels of energy proxy trait are predicted by growth rate

	Discussion
	Materials and methods
	Experimental approach
	Thermodynamic predictions
	Dimensionality reduction
	Statistical analysis
	Data and material availability

	Acknowledgements
	References


