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Previous studies have used the zebrafish to investigate the biology of lens crystallin
proteins and their roles in development and disease. However, little is known about
zebrafish Ä-crystallin promoter function, how it compares to that of mammals, or whether
mammalian Ä-crystallin promoter activity can be assessed using zebrafish embryos. We
injected a variety of Ä-crystallin promoter fragments from each species combined with the
coding sequence for green fluorescent protein (GFP) into zebrafish zygotes to determine
the resulting spatiotemporal expression patterns in the developing embryo. We also
measured mRNA levels and protein abundance for all three zebrafish Ä-crystallins. Our
data showed that mouse and zebrafish ÄA-crystallin promoters generated similar GFP
expression in the lens, but with earlier onset when using mouse promoters. Expression was
also found in notochord and skeletal muscle in a small percentage of embryos. Mouse ÄB-
crystallin promoter fragments drove GFP expression primarily in zebrafish skeletal muscle,
with less common expression in notochord, lens, heart and in extraocular regions of the
eye. A short fragment containing only a lens-specific enhancer region produced no GFP
expression, suggesting that these lens responsive elements in the mouse are not used in
the zebrafish. The two paralogous zebrafish ÄB-crystallin promoters produced subtly
different expression profiles, with the ÄBa promoter driving expression equally in
notochord and skeletal muscle while the ÄBb promoter resulted primarily in skeletal
muscle expression. Messenger RNA for zebrafish Äa, aBa and ÄBb were all detected by 1
day post fertilization (dpf). Parallel reaction monitoring (PRM) mass spectrometry was used
to detect ÄA, ÄBa, and ÄBb peptides in digests of zebrafish embryos. In whole embryos,
ÄA-crystallin was first detected by 2 dpf, peaked in abundance by 4-5 dpf, and was
localized to the eye. ÄBa was also detected in whole embryo at nearly constant levels from
1-6 dpf, was also localized primarily to the eye, and its abundance in extraocular tissues
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decreased from 4-7 dpf. In contrast, due to its low abundance, no ÄBb protein could be
detected in whole embryo, or dissected eye and extraocular tissues. Our results show that
mammalian Ä-crystallin promoters can be efficiently screened in zebrafish embryos and
that their controlling regions are well conserved, although their use in each species may
reflect evolutionary changes in developmental roles for Ä-crystallins. An ontogenetic shift
in zebrafish ÄBa-crystallin promoter activity provides an interesting system for examining
the evolution and control of tissue specificity. Future studies that combine these promoter
based approaches with the expanding ability to engineer the zebrafish genome via
techniques such as CRISPR/Cas9 will allow the manipulation of protein expression to test
hypotheses about lens crystallin function and its relation to lens biology and disease.
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Figure 1

Confocal imagery showing representative sites of GFP expression produced by mouse
and zebrafish Ä -crystallin promoters

Examples of lens expression produced with a zebrafish ÄA promoter (A and B). Various sites

of extraocular expression shown as single z-planes (on left) and as 3-dimensional renders (on

right) for skeletal muscle produced with a mouse ÄB promoter (C and D); for notochord

produced with a zebrafish ÄBb promoter (E and F); dorsal to the yolk produced with a

zebrafish aA promoter (G and H).
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Figure 2

Comparison of mouse and zebrafish ÄA-crystallin chromosomal arrangement and their
ability to drive GFP expression in zebrafish embryos

The structural and functional conservation of mammalian and zebrafish ÄA-crystallin is

mirrored in their shared syntenic relationship with hsf2bp (A). The promoter regions for each

gene produced similar temporal and spatial expression patterns (B-E), with expression

almost exclusively restricted to the lens. The extent of lens expression varied for both

orthologous promoters (compare A to B for mouse and C to D for zebrafish). Reverse-

transcriptase PCR showed that zebrafish embryos expressed ÄA-crystallin mRNA as early as 1

dpf (F), although its promoter did not drive GFP expression until between 30 and 48 hpf

(Table 3). A separate analysis showed zebrafish mRNA expression in both eyes (eye) and

extraocular tissues (tr) at days 4 and 6 (d4 and d6), but with higher expression in eye (G).

*Note: Auto Gamma Correction was used for the image. This only affects the reviewing manuscript. See original source image if needed for review.
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Figure 3

Mouse ÄB-crystallin promoter fragments produced native expression in zebrafish
embryos

Enhancer elements of a promoter upstream of mouse ÄB-crystallin were previously shown to

regulate expression in skeletal muscle (sm), heart and lens (lsr1 and 2) (A; adapted from

(Swamynathan & Piatigorsky, 2002) ). Fragments containing 0.8 and 1.4 kb lengths of this

promoter produced GFP expression in zebrafish embryo notochord (B-C), skeletal muscle (D-

E), lens (F) and heart (G; arrows). The 250 basepair length, containing only the mouse lens

enhancer, produced no GFP expression in zebrafish embryos (E, embryo at top).

*Note: Auto Gamma Correction was used for the image. This only affects the reviewing manuscript. See original source image if needed for review.
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Figure 4

The paralogous zebrafish €Ba- and €Bb-crystallin promoters produced similar, but

distinct, GFP expression profiles

Zebrafish €Bb-crystallin has the same syntenic relationship with Hspb2 as mouse €B-

crystallin, although the intergenic region between the two genes is much larger in the

zebrafish (A). The zebrafish €Ba-crystallin paralog has moved to a separate chromosome.

Both zebrafish paralogs produced GFP expression most often in notochord (B) and skeletal

muscle (C). The €Ba paralog drove expression in these tissues equally while €Bb was more

active in skeletal muscle (D). Expression in lens (E) and extralenticular regions of the eye was

more rare. Images shown are representative with the details of GFP expression not differing

noticeably between paralogs or the promoter length used.
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Figure 5

RT-PCR analysis of zebrafish €B-crystallin paralog expression in whole embryos

compared to adult

Analysis of three separate biological replicates showed similarly weak expression of €Ba-

crystallin at days 1 through 6 post fertilization (d1 • d6) with a peak at day 1 in two samples

(A) and day 3 in a third (B). Three biological replicates showed similar temporal expression

for €Bb-crystallin, with relatively constant levels from days 1 through 6 and an increase in

the adult (C). Amplification of tubulin was used to confirm equal amounts of mRNA in each

reaction (D).

*Note: Auto Gamma Correction was used for the image. This only affects the reviewing manuscript. See original source image if needed for review.
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Figure 6 (on next page)

Relative abundance of €A- and €Ba-crystallin proteins in zebrafish embryos during

development measured by mass spectrometric parallel reaction monitoring of tryptic

peptides

(A) Changes in €A-crystallin relative abundance in whole embryos from 1-6 days post

fertilization (dpf) by measurement of peak areas for the top 3 fragment ions of peptide 52-65

(NILDSSNSGVSEVR). Orange = y12, blue = y11, and green = y10 fragment ions. The bar

labeled library shows the relative proportion of these fragment ions for this peptide identified

in a digest from an adult zebrafish lens, while the dotp value above each bar is a

measurement of how well the observed fragment ions for this peptide in each embryo digest

matched those for this peptide in a spectral library created from an adult lens digest. Note

that the relative peak area for the library peptide was arbitrary set to the same value as the

largest peak area for ease of comparison. (B) Relative abundance of €A-crystallin in dissected

eyes and remaining trunks of either 4 or 7 dpf embryos. The same €A peptide and fragment

ions as measured above in A were used. (C) Measurement of €Ba-crystallin in whole embryos

from 1-6 dpf by measurement of peak areas for the top 3 fragment ions of peptide 79-88

(HFSPDELTVK). Orange = b2, blue = y9, and green = y8 fragment ions. (D) Relative

abundance of €Ba-crystallin in dissected eyes and remaining trunks of either 4 or 7 dpf

embryos. The same €Ba peptide and fragment ions as measured in C were used. Extracted

ions chromatograms for the fragment ions of these peptides are shown in Supplementary

Figure 2.
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Table 1 (on next page)

Primers used for semi-quantitative RT-PCR (A) and qPCR analysis (B) of zebrafish gene

expression.

All primers for RT-PCR were used at an annealing temperature of 55€C and qPCR primers

were used at an annealing and extension temperature of 56€C.
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1 Table 1.  Primers used for semi-quantitative RT-PCR (A) and qPCR analysis (B) of 
2 zebrafish gene expression.  All primers for RT-PCR were used at an annealing 
3 temperature of 55°C and qPCR primers were used at an annealing and extension 
4 temperature of 56°C.  
5
6A
Gene Primer Sequence Product Size (bp) Accession #
��A-crystallin F: 5’-AGGAGTTACCAGGTCTGACA-3’

R: 5’-ACGGGAGATGTAGCCATGAT-3’
361 NM_152950

��Ba-crystallin F: 5’-GCCGTCAGAGGACAGAGAAGA-3’
R: 5’-GTATCGCCGACCCTTGTT-3’

388 NM_131157

��Bb-crystallin F: 5’-GCCGACGTGATCTCCTCATT-3’
R: 5’-CCAACAGGGACACGGTATTT-3’

260 NM_001002670

Tubulin F: 5’-CTGTTGACTACGGAAAGAAGT- 3’
R: 5’-TATGTGGACGCTCTATGTCTA-3’

198 NM_200185

7
8B
Gene Primer Sequence Product Size (bp) Accession #
��A-crystallin F: 5’-ATGGCCTGCTCACTCTTTGT-3’

R: 5’-CCCACTCACACCTCCATACC-3’
159 NM_152950

��Ba-crystallin F: 5’-CCCAGGCTTCTTCCCTTATC-3’
R: 5’-GTGCTTCACATCCAGGTTGA-3’

196 NM_131157

EF-1�� F: 5’-CAGCTGATCGTTGGAGTCAA-3’ 
R: 5’-TGTATGCGCTGACTTCCTTG-3’

94 NM_131263

9
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Table 2 (on next page)

Location of Promoter Activity

Total embryos  shows the number of separate embryos examined after injection with each

indicated promoter fragment . Percentage of embryos  shows the proportion of GFP-

expressing embryos with observable GFP in each tissue. A €O• indicates no embryos

expressed GFP in that tissue.
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1 Table 2.  Location of Promoter Activity.  Total embryos shows the number of separate 
2 embryos examined after injection with each indicated promoter fragment.  Percentage of 
3 embryos shows the proportion of GFP-expressing embryos with observable GFP in each 
4 tissue.  A “O” indicates no embryos expressed GFP in that tissue.  
5
6  Zebrafish    Total          Percentage of embryos
7 Promoters Embryos Lens Eye NC SM Heart
8   1kb ��A      62 97   O   5  11   O
9

10   3kb ��Ba      90   3   7 56  55   O
11
12   1kb ��Bb      67   O   5   5  90   O
13   2kb ��Bb      59   O   6   3  92   3
14   4kb ��Bb      51   O   O 20 100   O
15   5kb ��Bb      90   4   4   7  97   O
16
17     Mouse    Total          Percentage of embryos
18 Promoters Embryos Lens Eye NC SM Heart
19 ������A      55 70   O   4  30    O
20
21   0.25kb ��B      35  O    O    O   O    O
22   0.8 kb ��B      50  13  15  33  94    6
23   1.4 kb ��B      67  15    5  42 100  12
24
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Table 3 (on next page)

Timeline of Promoter Activity

Numbers indicate percentage of injected embryos expressing GFP in any tissue at indicated

timepoints. Lack of expression is noted with an €O• and €--• indicates that no embryos were

observed at that timepoint.
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1 Table 3.  Timeline of Promoter Activity.  Numbers indicate percentage of injected 
2 embryos expressing GFP in any tissue at indicated timepoints.  Lack of expression is noted 
3 with an “O” and “--” indicates that no embryos were observed at that timepoint.
4
5         Hours post fertilization (hpf)
6 24 30 48 54 72 78
7 Zebrafish promoters
8   1kb ��A O O 61 83 84 --
9

10   3kb ��Ba O O 90 40 52 61
11
12   1kb ��Bb O O 63 56 62 26
13   2kb ��Bb O O 67 -- 47 47
14   4kb ��Bb O O 58 87 90 --
15   5kb ��Bb O O 100 -- 83 50
16
17 Mouse promoters
18 ������A O 17 27 39 32 --
19
20   0.25kb ��B O   O   O   O   O O
21   0.8 kb ��B O 19 100 100 91 --
22   1.4 kb ��B O 33 85 80 72 --
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